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EXPERIMENTAL ASSESSMENT OF THEORY FOR REFRACTION 
OF SOUND BY A SHEAR LAYER 

Robert H. Schlinker and Roy K. Amiet 

SUMMARY 

A t h e o r e t i c a l  and experimental  i nves t iga t ion  w a s  conducted t o  determine t h e  
r e f r a c t i o n  ang le  and amplitude changes a s soc ia t ed  w i t h  sound t ransmiss ion  through a 
c i r c u l a r ,  open-jet shear  l a y e r .  Experiments were performed using a 0.91 m diameter  
open j e t  i n  t h e  United Technologies Research Center (UTRC) Acoustic Research Tunnel. 
Free  stream Mach number w a s  va r i ed  from 0 .1  t o  0 . 4 .  

For measurements d i r e c t e d  toward assessment of t h e  r e f r a c t i o n  a n g l e  c o r r e c t i o n ,  
a d i s c r e t e  t one  a c o u s t i c  source  
s i t u a t e d  i n  t h e  airstream. Sound wave f r o n t  ang le  change w a s  measured f o r  s e v e r a l  
a x i a l  source  l o c a t i o n s  and two off-axis  source p o s i t i o n s .  Ref rac t ion  w a s  observed 
t o  b e  s i g n i f i c a n t  a t  Mach numbers of 0 .1  and g r e a t e r .  
w e r e  compared wi th  an  e x i s t i n g  r e f r a c t i o n  theory  which w a s  extended i n  t h e  present  
s tudy  t o  account f o r  of f -ax is  source pos i t i ons .  

wi th  a frequency range of 1 kHz t o  10 H z ,  w a s  

The experimental  r e s u l t s  

Good agreement between t h e  r e f r a c t i o n  a n g l e  c o r r e c t i o n  theory  and experiment 
w a s  ob ta ined  over t h e  test  Mach number, frequency and ang le  measurement range  f o r  
a l l  on-axis a c o u s t i c  source l o c a t i o n s ,  For o f f - ax i s  source p o s i t i o n s ,  good agree-  
ment w a s  obtained a t  a source-to-shear l a y e r  s epa ra t ion  d i s t a n c e  g r e a t e r  than t h e  
j et r a d i u s .  
source-to-shear l a y e r  s epa ra t ion  d i s t ance  less than  one j e t  r ad ius .  
ment, a t  p re sen t ,  is not  viewed as a f a i l u r e  of t h e  t h e o r e t i c a l  ang le  c o r r e c t i o n .  
Rather ,  i t  is  bel ieved due t o  t h e  s e n s i t i v i t y  of t h e  experimental  method t o  small 
changes i n  t h e  assumed zero- thickness  shear  l a y e r  p o s i t i o n  a t  s m a l l  source-to-shear 
l a y e r  s epa ra t ion  d i s t a n c e .  A s  previously p red ic t ed ,  experimental  r e s u l t s  i n d i c a t e  
t h a t  axial  v a r i a t i o n s  i n  shear  l aye r  th ickness  and shear  l a y e r  divergence need not  
b e  included i n  t h e  r e f r a c t i o n  co r rec t ion  procedure.  
of t h e  a n a l y s i s  w a s  a l s o  v e r i f i e d .  

Measureable d i f f e r e n c e s  between theory  and experiment occurred a t  a 
Th i s  d i sagree-  

The frequency independence 
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Theory f o r  t h e  r e f r a c t  ion  a m p l i t u d e  change a s soc ia t ed  w i t h  sound t ransmiss ion  
through a shear  l a y e r  could not  be  v e r i f i e d  due t o  l i m i t a t i o n s  of t h e  experimental  
technique.  I n d i r e c t  v e r i f i c a t i o n  of the theory ,  however, w a s  achieved over a 
l i m i t e d  range  of frequency and Mach numbers us ing  previous ly  publ ished experimental  
r e s u l t s  . 

0 A shear  l a y e r  tu rbulence  s c a t t e r i n g  experiment w a s  conducted a t  90 t o  t h e  open 
j e t  a x i s  f o r  t h e  same 
i n  t h e  r e f r a c t i o n  s tudy.  
ampli tude changes w e r e  observed a t  open j e t  Mach numbers above 0.2 and a t  a c o u s t i c  
source  f r equenc ie s  g r e a t e r  t han  5 kHz. 
observed f o r  downstream source  loca t ions .  Consequently, sound r a d i a t e d  a t  ang le s  
c l o s e  t o  t h e  j e t  a x i s  w i l l  encounter greater turbulence  s c a t t e r i n g  than  t h a t  
r a d i a t e d  a t  90" t o  t h e  open j e t .  

f r ees t r eam Mach numbers and a x i a l  source  l o c a t i o n s  used 
S i g n i f i c a n t  d i s c r e t e  t one  spectrum broadening and t o n e  

More severe turbulence  s c a t t e r i n g  w a s  
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INTRODUCTION 

Open je t  a c o u s t i c  test f a c i l i t i e s  are c u r r e n t l y  used t o  i n v e s t i g a t e  t h e  
e f f e c t  of forward f l i g h t  on aeroacoust  ic n o i s e  mechanisms. 
s tudying a wide v a r i e t y  of problems such as a i r f r ame  no i se ,  model p r o p e l l e r  and 
r o t o r  no i se ,  i s o l a t e d  a i r f o i l  and blown f l a p  no i se ,  and j e t  n o i s e  forward f l i g h t  
e f f e c t s .  
ments o u t s i d e  t h e  airstream can be used t o  d i r e c t l y  i n f e r  t h e  source n o i s e  
characteristics. However, a t  higher  Mach numbers, t h e  open j e t  technique)’ 
i s  s u s c e p t i b l e  t o  e r r o r s  due t o  t h e  presence of t h e  shear  l a y e r  through which t h e  
sound is  t r ansmi t t ed .  The shear  l a y e r  s e r v e s  t o  r e f r a c t ,  r e f l e c t ,  and s c a t t e r  t h e  
sound r a d i a t e d  from t h e  model. 
source d i r e c t i v i t y  p a t t e r n  and hence a l t e r  t h e  conclusions drawn from a p a r t i c u l a r  
experiment. 

The technique  permi ts  

For tests conducted a t  f r e e  stream Mach numbers less than  0.1, measure- 

These e f f e c t s  s i g n i f i c a n t l y  a l ter  t h e  a c o u s t i c  

The l a c k  of a f i rm  understanding of t h e s e  e f f e c t s  has  c rea t ed  a clear need 
f o r  a v a l i d a t e d  shear  l a y e r  c o r r e c t i o n  procedure.  
t o  experimental ly  assess t h e  r e f r a c t i o n  a n g l e  change due t o  propagat ion through a 
shear  l a y e r  wi th  a lesser e f f o r t  devoted t o  t h e  r e f r a c t i o n  ampli tude change. 
ing r e f r a c t i o n  theory  w a s  extended t o  treat t h e  case of an  o f f - ax i s  source.  Both 
on-axis and o f f - ax i s  a c o u s t i c  source  l o c a t i o n s  w e r e  t e s t e d  f o r  a c i r c u l a r  j e t  
geometry. 
eva lua te  t h e  dependence on t h e s e  parameters 
c o r r e c t i o n  procedure would be  a v a i l a b l e  f o r  reducing far-f  i e l d  n o i s e  d a t a  acquired 
i n  open j e t  test f a c i l i t i e s .  

The present  s tudy  w a s  undertaken 

Exist- 

Acoustic source  frequency and je t  Mach number w e r e  a l s o  va r i ed  t o  
I f  t h e  thoery  could b e  v a l i d a t e d ,  a 

Previous Theore t ica l  I n v e s t i g a t i o n s  

Because t h e  u s e  of open j e t  wind tunne l s  f o r  determining t h e  a c o u s t i c  r a d i a t i o n  
p r o p e r t i e s  of test models i s  a r e l a t i v e l y  new technique,  methods have only r e c e n t l y  
become a v a i l a b l e  f o r  c o r r e c t i n g  t h e  acous t i c  d a t a  obtained i n  such a f a c i l i t y  f o r  
t h e  e f f e c t s  of r e f r a c t i o n .  However, t he  r e f r a c t i o n  problem had rece ived  previous  
a t t e n t i o n  because of i ts  importance in  t h e  j e t  n o i s e  problem. The case of r e f r a c -  
t i o n  of a p lane  sound wave by a plane,  ze ro  th i ckness  shear  l a y e r  w a s  f i r s t  
c o r r e c t l y  t r e a t e d  by Ribner ( r e f .  1) and Miles ( r e f .  2 ) .  G o t t l i e b  ( r e f .  3) extended 
t h e  a n a l y s i s  t o  t h e  case of a poin t  source beneath a p lane  shear  l a y e r .  
and G r a h a m  ( r e f .  4 )  considered t h e  problem of a p lane  wave i n t e r a c t i n g  wi th  a f i n i t e  
t h i ckness  shear  l a y e r  and subsequent pub l i ca t ions  of t h e i r s  cons ider  t h e  f i e l d  of 
s p e c i f i c  s i n g u l a r i t i e s  near  a shear  l aye r .  Amiet ( r e f .  5) and o t h e r s  a l s o  considered 
t h e  sound f i e l d  of s p e c i f i c  source types near  a shear  l a y e r .  

G r a h a m  
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The above s t u d i e s  w e r e  not  concerned wi th  c o r r e c t i n g  a c o u s t i c  wind tunne l  d a t a ,  
however, and f u r t h e r  a n a l y s i s  of t h e  problem w a s  needed. I n  p a r t i c u l a r ,  a method 
w a s  r equ i r ed  which made no assumptions regard ing  t h e  n a t u r e  of t h e  sources  (e .g . ,  
monopole, d i p o l e ,  etc.1, s i n c e ,  i n  genera l ,  t h e  n a t u r e  and d i s t r i b u t i o n  o f \  
sources  i n  a given test are unknown. Subsequently,  Amiet ( r e f .  6 )  der ived  a cor rec-  
t i o n  procedure which app l i ed  both an  angle  change and an  ampli tude change t o  t h e  
d a t a .  
s e p a r a t i o n  of a n g l e  and ampli tude e f f e c t s  that it w a s  p o s s i b l e  t o  a r r i v e  a t  a 
c o r r e c t i o n  independent of source type .  
( r e f .  7) who a r r i v e d  a t  t h e  same r e s u l t  f o r  r e f r a c t i o n  by a p l ane  shear  l a y e r ,  and 
a l s o  considered t h e  case of a source  on t h e  c e n t e r l i n e  of a c y l i n d r i c a l  shear  l a y e r  
of ze ro  th ickness .  The s o l u t i o n  f o r  r e f r a c t i o n  by a t h i c k  c y l i n d r i c a l  shear  l a y e r  
wi th  a source  on t h e  c e n t e r l i n e  w a s  given by Tester and Morfey ( r e f .  8) and f o r  a 
t h i c k  p lane  shear  l a y e r  by Amiet ( r e f .  9 ) .  This  work of Amiet a l s o  g ives  a r e v i e w  
of t h e  s e v e r a l  c o r r e c t i o n  procedures.  

This  assumed a p l ane  ze ro  th ickness  shear  l a y e r .  It w a s  only by t h i s  

The problem w a s  a l s o  analyzed by Jacques 

- 

The above c o r r e c t i o n s  a re  i n  a lgeb ra i c  c losed  form. Candel ( r e f .  10) r e c e n t l y  . .  

developed a numerical  r a y  t r a c i n g  procedure which appears  t o  g i v e  r e s u l t s  very  c l o s e  
t o  t h e  c losed  form so lu t ions .  
i n d i c a t e  that t h e  a x i a l  v a r i a t i o n  of the shear  l a y e r  has  l i t t l e  e f f e c t  on t h e  
r e f r a c t i o n  co r rec t ions .  
without  a x i a l  v a r i a t i o n s .  

Recent s t u d i e s  by Tester and Burr in  ( r e f .  11) 

Thus, it i s  poss ib l e  t o  model t h e  open j e t  shear  l a y e r  

References 6-11, above, r e l y  on t h e  technique  of c o r r e c t i n g  both ang le  and 
ampli tude.  Mani ( r e f .  12 )  employed a d i f f e r e n t  approach t o  t h e  problem, but t h i s  
appears  t o  be less w e l l  e s t ab l i shed  than t h e  above mentioned techniques of c o r r e c t i n g  
a n g l e  and amplitude.  

Previous Experimental I n v e s t i g a t i o n s  

Few experimental  s t u d i e s  e x i s t  documenting t h e  shear  l a y e r  r e f r a c t i o n  and 
s c a t t e r i n g  c h a r a c t e r i s t i c s .  Amiet I (ref,  6 )  r epor t ed  t h e  r e s u l t s  of an exp lo ra to ry  
experiment f o r  t h e  ang le  c o r r e c t i o n  which tended t o  support  t h e  t h e o r e t i c a l  pre- 
d i c t i o n s  i n  r e fe rence  6 .  Candel et  al .  ( r e f .  13) provided an  experimental  assess- 
ment of a r e f r a c t i o n  theory  i n  addi t ion  t o  p re sen t ing  pre l iminary  r e s u l t s  f o r  
t u rbu lence  s c a t t e r i n g  i n  an open j e t .  S imi l a r ly ,  Ahuja et a l .  ( r e f .  14) r e c e n t l y  
r epor t ed  an  assessment of t h e  r e f r a c t i o n  theory  of r e f e r e n c e  11. 
an  explora tory  s tudy of tu rbulence  s c a t t e r i n g  a t  low j e t  Mach numbers and low 
a c o u s t i c  source  f requencies .  
l i m i t e d  t o  on-axis source  loca t ions .  

Also included w a s  

A l l  of the above experimental  i n v e s t i g a t i o n s  w e r e  

4 



Method of Approach 

I n  t h e  present  s tudy ,  t h e  r e f r a c t i o n  a n g l e  change w a s  assessed  by c ross -  
c o r r e l a t i n g  f a r - f i e l d  microphones t o  measure t h e  l o c a l  sound wavefront propagat ion 
a n g l e  o u t s i d e  t h e  open j e t .  
normal t o  t h e  wavefront was  t r aced  back t o  t h e  shear  l a y e r  c ros s ing  po in t .  
determining t h i s  po in t ,  t h e  shear  l a y e r  w a s  assumed t o  be  c y l i n d r i c a l  w i th  a r a d i u s  
equal  t o  t h e  i n l e t  nozz le  r a d i u s  and t o  have zero  th i ckness .  From t h i s ,  t h e  
o r i g i n a l  propagation ang le  i n s i d e  t h e  shear  l a y e r  w a s  determined f o r  comparison 
wi th  r e f r a c t i o n  ang le  c o r r e c t i o n  theory.  
i n  r e fe rences  6 and 9 w a s  extended here  t o  accommodate o f f - ax i s  acous t i c  source  
l o c a t i o n s .  
source  loca ted  i n  t h e  open j e t  airstream. 
far-f  i e l d  tone  d i r e c t i v i t y  and t h e  t h e o r e t i c a l  d i p o l e  d i r e c t i v i t y  p a t t e r n  i n s i d e  
t h e  j e t  r e p r e s e n t s  t h e  ampli tude co r rec t ion .  
w a s  used t o  l i n k  propagat ion angles  i n s i d e  and o u t s i d e  t h e  airstream. The experi-  
mental ampli tude c o r r e c t i o n s  were then  compared t o  t h e  r e f r a c t i o n  theory  d iscussed  
la ter  . 

Knowing the  propagat ion ang le ,  t h e  a c o u s t i c  r a y  
I n  

The o r i g i n a l  a n a l y s i s  of Amiet presented  

The r e f r a c t i o n  ampli tude co r rec t ion  w a s  assessed  wi th  a d i p o l e  a c o u s t i c  
The d i f f e r e n c e  between t h e  measured 

Here, t h e  t h e o r e t i c a l  a n g l e  c o r r e c t i o n  

A simple experiment w a s  a l s o  conducted t o  assess t h e  importance of t u rbu lence  
s c a t t e r i n g .  A d i s c r e t e  tone  w a s  used t o  i n v e s t i g a t e  spectrum broadening e f f e c t s  
as w e l l  as changes i n  t h e  tone  amplitude. 
employed t o  determine when s c a t t e r i n g  e f f e c t s  become s i g n i f i c a n t  . The importance 
of t u rbu lence  l e n g t h  scale changes on t h e  s c a t t e r i n g  phenomenon w a s  a l s o  i n v e s t i -  
gated by l o c a t i n g  t h e  a c o u s t i c  source  a t  v a r i o u s  axial s t a t i o n s .  

Various f r equenc ie s  and Mach numbers w e r e  

5 



LIST OF SYMBOLS 

A Cross-sect ional  area of ray tube  

a Radius of tunnel  

AMJ? Amplitude c o r r e c t  ion  func t ion  

B1, B2 Disc re t e  tone  amplitude measured a t  microphones, ml,  m2 

CO Sound speed 

C 1  

D / D t  

Constant i n  amplitude co r rec t ion  func t ion  

a / a t  + u a/ax 

dR - Vector de f in ing  s i d e  of ray tube  

f Acoustic source  frequency, Hz 

M i  crop hone s ens it i v i t y  G 1 ,  G2 

H C r o  s s- co r r e l a t i o n  amp 1 i t  ud e 

h Source-to-shear l a y e r  d i s t ance .  
l i p - l i n e  d i s t ance .  

A l so  corresponds t o  source-to- 

h '  Dis tance between source and q u a r t e r  v e l o c i t y  po in t  i n  shea r  l a y e r  
A A A  

i, j y  k Unit vec to r s  i n  x,  y, z d i r e c t i o n s  
- 
k Normalized by w / c o  

x ,  y o r  z wavenumber kx' ky' kz 

R Microphone sepa ra t ion  d i s t ance  

M Mach number of stream 

"1, m2 Denote f a r - f i e l d  microphones 

A 

ne Unit vec to r  from retarded source  p o s i t i o n  t o  shea r  l a y e r  c ross ing  
p o i n t  
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DESCRIPTION OF THE EXPERIMENT 

Acoustic Research Tunnel 

The experimental  s tudy w a s  conducted i n  t h e  UTRC Acoustic Research Tunnel. 
A d e t a i l e d  d e s c r i p t i o n  of t h e  f a c i l i t y  i s  given i n  r e fe rence  15.  
shown schemat ica l ly  i n  f i g u r e  1 i s  an open-c i rcu i t ,  open-jet des ign .  The i n l e t  
i s  provided wi th  a high length-to-diameter r a t i o  honeycomb s e c t i o n  and a series 
of tu rbulence  suppression screens .  These f e a t u r e s ,  i n  conjunct ion  wi th  a 
l a r g e  tunne l  con t r ac t ion ,  provide a s p a t i a l l y  uniform, temporally s teady  f low 
wi th  a c o n t r o l l e d  t es t  s e c t i o n  turbulence l e v e l  of approximately 0 .2  pe rcen t .  
A n  i n l e t  nozz le  wi th  a r a d i u s ,  Ro = 0.455 m ,  w a s  employed i n  t h e  p re sen t  test 
program. 
t o  provide va r ious  wake p r o f i l e s  ( r e f .  16)  and a range of tu rbulence  l e v e l s  
( r e f .  17) i n  t h e  test  s e c t i o n .  

The t u n n e l ,  

Turbulence genera tors  and g r i d s  can be  i n s e r t e d  upstream of t h e  nozz le  

The open j e t  t es t  s e c t i o n  is  surrounded by a sea led  anechoic chamber 4.9 m 
high,  5 .5  m long ( a x i a l  d i r e c t i o n , ) ,  and 6.7 m wide. The i n t e r i o r  w a l l s  of t h e  
chamber, shown i n  f i g u r e  2 ,  are l i n e d  wi th  0.3 m f i b e r g l a s s  wedges. 
has been found t o  be anechoic ( r e f .  15) f o r  broadband n o i s e  over a 200 Hz t o  
20 lcHz range  of c a l i b r a t i o n  frequencies .  
6 dB decay curve per  doubling of source-observer s epa ra t ion  d i s t a n c e  w i t h i n  approxi- 
mately 1 / 2  dB over t h i s  frequency range. 

The chamber 

That is ,  t h e  sound p res su re  followed a 

Since pure  tone  source frequencies  w e r e  used i n  t h e  present  experiment,  
i n t e n s i t y  ve r sus  d i s t a n c e  c a l i b r a t i o n  measurements were made t o  v e r i f y  t h e  f r e e  
f i e l d  behavior .  For t h e s e  tests a speaker w a s  l oca t ed  on t h e  c e n t e r l i n e  of t h e  
open j e t  test sec t ion .  A microphone was t r ave r sed  r a d i a l l y  outwards from t h e  
a c o u s t i c  source  a t  va r ious  ang le s  t o  the  j e t  a x i s .  F igure  3 shows a t y p i c a l  
r e s u l t  a t  90' t o  t h e  j e t  c e n t e r l i n e .  
inverse-square l a w  decreas ing  approximately 6 dB wi th  doubling of d i s t a n c e  over  
t h e  1 kHz t o  10 kHz frequency range. 
f = 12.5 ,  16 ,  20 and 25 kHz. These t e s t s  v e r i f i e d  t h e  anechoic c h a r a c t e r i s t i c s  
of t h e  f a c i l i t y  f o r  pure tones over the frequency range employed i n  t h e  present  
s tudy.  It should be noted t h a t  a pure tone  provides  a more seve re  test  f o r  
eva lua t ing  f r e e  f i e l d  c h a r a c t e r i s t i c s  than  random no i se .  

The i n t e n s i t y  changes followed t h e  

S i m i l a r  r e s u l t s  w e r e  ob ta ined  a t  

The test s e c t i o n  a i r f l o w  e n t e r s  the  d i f f u s e r  by a c o l l e c t o r  t h a t  has  
anechoic  t rea tment  on i t s  flow impingement l i p .  I n i t i a l  f a c i l i t y  tests 
r epor t ed  i n  r e fe rence  15  i d e n t i f i e d  an a c o u s t i c  coupl ing between t h e  i n l e t  
nozz le  and t h e  c o l l e c t o r  l i p  r e s u l t i n g  i n  edge tones  a t  high tunne l  speeds.  
suppress  t h i s  n o i s e  mechanism, t r i a n g u l a r  t a b s  ( see  f i g u r e  4) were d i s t r i b u t e d  
around t h e  nozz le  per iphery t o  d i s t u r b  t h e  azimuthal  symmetry of t h e  shear  
l a y e r  and prevent  t h e  genera t ion  of feedback tones .  On t h e  o t h e r  hand, t h e  
shear  l a y e r  t h i ckness  is  increased by t h e  t a b s  as w i l l  be  d iscussed  i n  t h e  
s e c t i o n  on Shear Layer Growth. Despite t h i s  a l t e r a t i o n  of shear  l a y e r  width,  
t h e  measured ang le  change a s soc ia t ed  with t h e  wavefront propagat ion through 

To 
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'I f 

t h e  f i n i t e  t h i ckness  shear  l a y e r  showed good agreement w i t h  t h e  change ca l cu la t ed  
us ing  t h e  c i r c u l a r  vo r t ex  shee t  theory developed i n  t h e  ppesent s tudy.  

The d i f f u s e r  i n  f i g u r e  1 opera tes  u n s t a l l e d  and is thus  not  a major source 
of background no i se .  
anechoic chamber 
p a r a l l e l  t r e a t e d  b a f f l e s  i s  loca ted  between t h e  d i f f u s e r  and t h e  f an .  
c e n t r i f u g a l  f a n  exhausts  t o  t h e  atmosphere through a n  exhaust tower. 

To avoid tunne l  f a n  n o i s e  from propagat ing upstream i n t o  t h e  

The 1500 hp 
a Z-shaped muff l ing s e c t i o n  wi th  two r i g h t  a n g l e  bends and 

Tunnel speed is  determined from t o t a l  p re s su re  measurements a t  t h e  con t r ac t ion  
i n l e t  and s t a t i c  p re s su re  measurements w i th in  t h e  sea led  anechoic chamber. S ince  
l o s s e s  are  confined t o  t h e  boundary l a y e r ,  t o t a l  p re s su re  upstream and downstream 
of t h e  c o n t r a c t i o n  are p red ic t ed  and have been v e r i f i e d ,  t o  be equal .  
s e c t i o n  v e l o c i t y  has  been shown t o  be temporally s teady .  

The test 

Exp er h e n  ta 1 Arrangement 

Ref rac t ion  Angle Correct ion Experiment - Figures  2 and 4 show t h e  anechoic 
chamber test  arrangement employed f o r  t h e  ang le  c o r r e c t i o n  measurements. The 
nozz le  i n l e t  and c o l l e c t o r  descr ibed e a r l i e r  are evident  i n  t h e  photos.  

An a c o u s t i c  source,  c o n s i s t i n g  of a speaker enclosed by a n  aerodynamic 
' f a i r i n g  ( s e e  cis. 4 ) ,  w a s  l oca t ed  i n  t h e  open j e t  airstream. The f a i r i n g  measure- 

ments w e r e :  1 7  cm long ( a x i a l  d i r e c t i o n ) ,  10 cm high,  and 5 c m  deep. Leading and 
t r a i l i n g  edges of t h e  f a i r i n g  were rounded. The wake shed by t h e  body produced 
no s i g n i f i c a n t  d i s c r e t e  vo r t ex  shedding tones  i n  t h e  f a r - f i e l d  a c o u s t i c  spectrum. 
Broadband wake n o i s e  d id  not  in f luence  the present  experiment which employed only 
pure  tones .  

The speaker  f a i r i n g  w a s  held i n  place by a support  a r m  which extended through 
t h e  open j e t  t o  a r i g i d  s tand  o u t s i d e  t h e  flow. The support  arm cons i s t ed  of a 
s h o r t  s e c t i o n  of c y l i n d r i c a l  tubing and a n  aerodynamically shaped f a i r i n g .  
Although t h e  cy l inde r  generated an aeo l i an  tone ,  t h e  d i p o l e  r a d i a t i o n  p a t t e r n  w a s  i n  
a ver t ica l  d i r e c t i o n  perpendicular  t o  t h e  h o r i z o n t a l  p lane  con ta in ing  t h e  speaker 
and t h e  f a r - f i e l d  microphones. Therefore t h i s  extraneous n o i s e  mechanism w a s  no t  
sensed. 
l a y e r  on t h e  aerodynamic f a i r i n g  r ad ia t ed  i n  a ver t ical  d i r e c t i o n  and w a s  not  
sensed by t h e  f a r - f i e l d  microphones. 
s tand  and t h e  e x t e r i o r  of the inlet  nozzle .  

S i m i l a r l y ,  n o i s e  generated by impingement of the h igh ly  t u r b u l e n t  shear  

Acoustic i n s u l a t i o n  w a s  app l i ed  t o  t h e  support  

The speaker f ace ,  w i th  i ts  2 . 5  cm diameter  a p e r t u r e ,  w a s  covered w i t h  a p l a s t i c  
g r i d  of t h e  s a m e  a p e r t u r e  s i z e .  
of t h e  mean v e l o c i t y  f i e l d  a t  t h e  speaker-flow i n t e r f a c e .  
a p e r t u r e  marked t h e  acous t i c  source pos i t i on .  
were referenced  t o  t h i s  s t a t i o n .  

The g r id  prevented flow s e p a r a t i o n  and d i s t o r t i o n  
The c e n t e r  of t h e  g r i d  

A l l  far-f  i e l d  microphone l o c a t i o n s  
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The a c o u s t i c  wavefront ang le  ou t s ide  t h e  open j e t  w a s  measured by' a p a i r  
of f a r - f i e l d  microphones. The microphones, des igna ted  as m and m i n  f i g u r e s  

p o i n t ,  l oca t ed  beneath t h e  open j e t ,  was a l igned  wi th  t h e  acous t i c  source  
p o s i t i o n .  
o f f - c e n t e r l i n e  s t a t i o n s  w e r e  a l s o  inves t iga t ed .  
h o r i z o n t a l  p l ane  a t  t h e  same he ight  as t h e  tunne l  c e n t e r l i n e  and t h e  a c o u s t i c  
source.  D i f f e ren t  microphone separa t ion  d i s t a n c e s ,  R ,  w e r e  used depending on 
t h e  a c o u s t i c  source  frequency. 
measured t o  t h e  midpoint of t h e  microphone a r r a y .  The r a d i u s  w a s  s e l e c t e d  t o  
permit scanning t h e  boom c l o s e  t o  t h e  j e t  a x i s  whi le  s t i l l  maintaining a l a r g e  
sepa ra t ion  d i s t a n c e  between t h e  microphones and t h e  downstream c o l l e c t o r .  This  
avoided p o t e n t i a l  near  f i e l d  reverbera t ion  problems when t h e  a c o u s t i c  source  
w a s  s i t u a t e d  a t  t h e  f u r t h e s t  downstream l o c a t i o n .  The microphones were mounted 
r i g i d l y  us ing  guy wires and braces  t o  minimize any v i b r a t i o n  o r  d e f l e c t i o n  when 
t h e  open j e t  w a s  opera ted .  

4 and 5,  were mounted a t  graz ing  incidence on a r o t a t i n g  boom. 1' The 2 boom p ivo t  

Although f i g u r e  5 shows t h e  sou rce  s i t u a t e d  on t h e  tunne l  c e n t e r l i n e ,  
The microphones scanned a 

The f ixed microphone r a d i u s ,  r = 1.83 m ,  w a s  

The boom angular  p o s i t i o n  w a s  def ined by t h e  angle ,  9 measured from t h e  
The angle  w a s  referenced t o  t h e  midpoint between t h e  two m: downstream j e t  a x i s .  

microphones. 
ang le  wi th  t h e  r a d i u s ,  r .  
provided a vo l t age  output  corresponding t o  t h e  boom angular  p o s i t i o n .  
v o l t a g e  w a s  ampl i f ied  and displayed on a d i g i t a l  vo l t age  readout  providing a 
r e s o l u t i o n  of 0.016 deg. The system was c a l i b r a t e d  d a i l y  us ing  t h e  open j e t  
c e n t e r l i n e  and a l i n e  perpendicular  t o  t h e  c e n t e r l i n e  as r e fe rences .  
accuracy of t h e  c a l i b r a t i o n  was approximately 0.3 degrees .  

A l i n e  connect ing t h e  microphones formed approximately a 90' 

The 
A potent iometer ,  a t t ached  t o  t h e  boom p ivo t  s h a f t ,  

The 

Refrac t ion  Amplitude Correct ion Experiment - To provide a d i p o l e  n o i s e  
source ,  a segment of po l i shed  cy l inde r  w a s  mounted t r a n s v e r s e  t o  t h e  open j e t .  

, ' -  The 1 . 2 7  cm diameter  c y l i n d e r ,  shown schematical ly  i n  f i g u r e  6 ,  w a s  cen tered  
v e r t i c a l l y  on t h e  j e t  a x i s .  The cy l inder  w a s  he ld  i n  p l ace  by a l a r g e r  2.54 cm 
diameter ,  cy l inde r  which extended through t h e  open j e t  shear  l a y e r  t o  an 
e x t e r n a l  support  s tand .  
s e v e r a l  guy w i r e s  connected t o  p o i n t s  beneath t h e  open j e t .  
c rossed  t h e  flow f i e l d  upstream of t h e  c y l i n d e r .  

The lower end of t h e  test cy l inde r  w a s  held r i g i d  by 
None of t h e  wires 

A s p l i t t e r  p l a t e  w a s  a t tached  t o  t h e  rear s t agna t ion  poin t  of t h e  support  
c y l i n d e r  t o  suppress  i t s  vo r t ex  shedding mechanism. The guy w i r e  vo r t ex  
shedding frequency w a s  approximately a f a c t o r  of 10 higher  than t h e  test  c y l i n d e r  
frequency. Consequently, t h e  dominant t one  i n  t h e  a c o u s t i c  spectrum w a s  provided 
by t h e  test cy l inde r .  

The cy l inde r  d i r e c t i v i t y  p a t t e r n  o u t s i d e  t h e  flow w a s  measured us ing  t h e  
The p ivo t  po in t  w a s  

Microphone m2 w a s  used t o  measure 
p rev ious ly  descr ibed  boom arrangement shown i n  f i g u r e  5. 
a l igned  wi th  t h e  test  cy l inde r  c e n t e r l i n e .  
t h e  sound p res su re  l e v e l  a s  a func t ion  of measurement ang le ,  ern. 
w a s  now referenced d i r e c t l y  t o  m 

This  ang le  
ins tead  of t h e  midpoint between t h e  microphones. 

2 
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Sound generated a t t h e , c y l i n d e r  ends propagated through t h e  shear  l a y e r  a t  

s i t u a t e d  a t  90' t o  t h e  j e t  a x i s .  
almost t h e  same ang le  as sound generated a t  t h e  c e n t e r  of t h e  cy l inde r .  
i s  i l l u s t r a t e d  i n  f i g u r e  6 with  microphone m 
The a c o u s t i c  r ay  reaching m2 from t h e  lower end of t h e  cy l inde r  propagates  
through t h e  shear  l a y e r  a t  12.5 degrees r e l a t i v e  t o  t h e  l o c a l  normal. 

Th i s  

2 

Discrete Tone Turbulence Sca t te r ing  Experiment - An a c o u s t i c  source ,  
c o n s i s t i n g  of a speaker wi th  a 9 cm diameter exponent ia l  horn,  w a s  l oca t ed  on 

- I  one s i d e  of t h e  open j e t  ( f i g .  7 ) .  
through both open j e t  tu rbu len t  shear  l a y e r s  t o  an  a r r a y  of f i v e  microphones or ien-  
t a t e d  a t  graz ing  inc idence  on t h e  oppos i te  s i d e  of t h e  airstream. The t r ansmi t t ed  
tone  sound p r e s s u r e  level and spectrum shape w e r e  monitored as a func t ion  of 
i nc reas ing  tunnel  Mach number a t  var ious a x i a l  s t a t i o n s ,  X. The speaker and 
microphone a r r a y  formed a h o r i z o n t a l  plane which contained t h e  open j e t  
a x i s .  The speaker  c e n t e r l i n e  formed a 90° ang le  wi th  t h e  j e t  a x i s .  
microphone sepa ra t ion  d i s t a n c e ,  E ,  measured r e l a t i v e  t o  m i n  f i g u r e  7 ,  w a s  
determined by t h e  j e t  Mach number. 

D i sc re t e  t o n e  sound waves w e r e  t r ansmi t t ed  

The 

This w i l l  be  d iscusse8  la ter .  

Instrumentat ion 

The va r ious  speakers  were powered by a 150 w a t t  s i n g l e  channel a m p l i f i e r .  
A s i n e  wave genera tor  provided t h e  ampl i f i e r  input  s i g n a l .  The genera tor  
frequency was he ld  t o  wi th in  2 Bz of each source frequency evaluated i n  t h e  
test  program. 

F a r  f i e l d  a c o u s t i c  sound p res su re  l e v e l s  were measured wi th  commerically 
a v a i l a b l e  0.635 cm diameter  condenser microphones a t  grazing,  incidence.  S ince  
microphone m2 pene t r a t ed  t h e  shear  layer  i n  c e r t a i n  test  conf igu ra t ions ,  
p r o t e c t i v e  g r i d s  w e r e  used a t  a l l  times. Admittedly,  t h e  microphone frequency 
response w a s  no t  f l a t  due t o  t h e  p r o t e c t i v e  g r i d ,  b u t ,  comparisons of a b s o l u t e  
sound p res su re  level measurements a t  d i f f e r e n t  f r equenc ie s  were no t  needed i n  
t h e  p re sen t  i n v e s t i g a t i o n .  For example, t h e  angle  c o r r e c t i o n  experiment 
measured t h e  a c o u s t i c  wavefront propagation ang le  which is  independent of 
t h e  r a d i a t e d  sound p res su re  l e v e l .  
only t h e  normalized a c o u s t i c  source d i r e c t i v i t y  p a t t e r n  a t  each frequency. 
F i n a l l y ,  t h e  s c a t t e r i n g  experiment monitored t h e  change i n  a c o u s t i c  sound 
p res su re  l e v e l  f o r  a f i x e d  d i s c r e t e  tone as t h e  open j e t  Mach number increased .  
Absolute sound p r e s s u r e  l e v e l  comparisons between d i f f e r e n t  f requencies  w e r e ,  
t h e r e f o r e ,  no t  needed. Based on t h e  above arguments atmospheric a t t e n u a t i o n  
w a s  no t  r e l e v a n t  t o  t h e  present  s tudy.  All microphones were c a l i b r a t e d  d a i l y  
wi th  a 250 Hz pistonphone. 

The ampli tude c o r r e c t i o n  experiment used 

Microphone s i g n a l s  and t h e  s i n e  wave genera tor  s i g n a l  w e r e  recorded on 
magnetic t a p e  dur ing  c e r t a i n  po r t ions  of t h e  test .  The frequency response of 
t h e  FM t a p e  system w a s  f l a t  over t h e  frequency range inves t iga t ed  here .  
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Spectrum a n a l y s i s  w a s  conducted with a narrow bandwidth, 500 l i n e ,  real  

The e f f e c t i v e  n o i s e  bandwidth of t h e  ana lyzer  f i l t e r  
t i m e  spectrum analyzer-ensemble averager .  Each spectrum w a s  generated from 
256 ensemble averages.  
inf luenced t h e  d i s c r e t e  t one  s c a t t e r i n g  r e s u l t s ,  t h e  consequences of which w i l l  
be  d iscussed  l a t e r .  

Cross-cor re la t ions  were performed wi th  a 400 l i n e ,  rea l  t i m e  c o r r e l a t i o n  
and p r o b a b i l i t y  ana lyzer .  Input s igna l s  were not  f i l t e r e d ,  

Mean v e l o c i t y  measurements of t h e  open j e t  shear  l a y e r  were acquired wi th  
a 0.'025 mm diameter  ho t  f i l m  opera t ing  i n  conjunct ion  w i t h  a cons tan t  
tempera ture  anemometer system. The probe w a s  c a l i b r a t e d  i n  t h e  tunne l  test  
sect ion. 

T e s t  Program 

Ref rac t ion  Angle Correct ion Measurements - Measurements were performed a t  
v a r i o u s  a c o u s t i c  source  l o c a t i o n s ,  open j e t  Mach numbers, and source  f requencies  
t o  assess t h e s e  parameters i n  t h e  r e f r a c t i o n  a n g l e  c o r r e c t i o n  theory.  
coord ina te s  def ined  t h e  source  loca t ion :  t h e  a x i a l  s t a t i o n ,  X ,  and t h e  source- 
to-open j e t - l i p  l i n e  sepa ra t ion  d i s t ance ,  h .  Both coord ina te s  are shown i n  
f i g u r e  5. Table I l is ts  t h e  test condi t ions  evaluated i n  t h e  p re sen t  study 
wi th  t h e  source  p o s i t i o n  coord ina te  normalized by t h e  open j e t  r ad ius .  In- 
cluded i n  t h e  t a b l e  is  t h e  r a t i o ,  h / r ,  which d e f i n e s  t h e  f a r - f i e l d  microphone 
p o s i t i o n  r e l a t i v e  t o  t h e  source- to- l ip  l i n e  d i s t ance .  This  parameter i s  an input  
t o  t h e  experimental  and t h e o r e t i c a l  angle  and ampli tude c o r r e c t i o n  c a l c u l a t i o n s .  
The l i p  l i n e  a l s o  d e f i n e s  t h e  l o c a t i o n  of t h e  ze ro  th i ckness  shear  l a y e r  used i n  
t h e  r e f r a c t i o n  theory  descr ibed  i n  t h e  s e c t i o n  t i t l e d  "Theore t ica l  Formulation 
of t h e  Ref rac t ion  Problem". Therefore,  h is  a t  times r e f e r r e d  t o  as  t h e  source-to- 
shear  l a y e r  s epa ra t ion  d i s t ance .  It should be  noted that s i n c e  t h e  source-to- 
microphone d i s t ance ,  r ,  w a s  f i x e d ,  changes i n  h r e s u l t e d  i n  bo th  h/R and h / r  
changing . 

Two 

0 

With t h e  a c o u s t i c  source  s i t u a t e d  a t  X/Ro = 1.33 and h/Ro = 1, t h e  measure- 
0 ment ang le ,  8 , w a s  va r i ed  from 22.5 t o  105O i n  7.5O increments .  Angles 

less than  22.y0 were not  i nves t iga t ed  s i n c e  microphone m 
then  p e n e t r a t e  t h e  open j e t  shear  l aye r .  On t h e  o the r  hand, angles  g r e a t e r  than 
105' were not  i nves t iga t ed  s i n c e  an adequate sepa ra t ion  d i s t a n c e  between ml and 
t h e  upstream anechoic chamber w a l l  must be  maintained.  Line-of-sight i n t e r -  
f e rence  by t h e  tunne l  i n l e t  between the source  and microphone m does not  
occur  u n t i l  8, exceeds 136O. 
inc reas ing  t h e  upstream measurement a n g l e  t o  127.5O. However, downstream 
measurement ang le s  less than  30' could no t  be a t t a i n e d  due t o  shear  l a y e r  
spreading .  

i n  f i g u r e  5 would 2 

Moving the  source t o  X/R  = 2.66 and 4.0 permit ted 
0 



The same measurement angle  range was used f o r  t h e  o f f - c e n t e r l i n e  source 
p o s i t i o n s  l i s t e d  i n  Table  1: 
could n o t  be inves t iga t ed  s i n c e  m2 pene t ra ted  t h e  flow. 
test  geometr ies ,  l ine-of -s ight  i n t e r f e r e n c e  w a s  no t  a problem. 

For h / r  =0 .36 ,  measurement ang le s  less than  30° 
A s  i n  t h e  on-center l ine  

Ref rac t ion  Amplitude Correc t ion  Measurements - The fa r - f  i e l d  d i r e c t i v i t y  
p a t t e r n  of a d i p o l e  source  w a s  measured a t  two source l o c a t i o n s  and two open 
j e t  Mach numbers t o  assess t h e s e  parameters i n  t h e  r e f r a c t i o n  amplitude 
c o r r e c t i o n  theory .  Changing t h e  Mach number a l s o  permit ted eva lua t ing  t h e J ,  
a c o u s t i c  source  frequency dependence. The test geometry, l i s t e d  i n  T a b l e I I ,  
coincided wi th  two of t h e  t es t  conf igu ra t ions  used i n  t h e  ang le  c o r r e c t i o n  
experiments.  I d e n t i c a l  cond i t ions  were needed s i n c e  t h e  a n g l e  c o r r e c t i o n  must 
be app l i ed  t o  t h e  d i p o l e  d i r e c t i v i t y  before  t h e  amplitude c o r r e c t i o n  can be 
i s o l a t e d .  
over t h e  range em = 25' t o  110'. 

The d i p o l e  d i r e c t i v i t y  w a s  measured a t  a minimum of twelve angles  

Note tha t .  t h e  of f -center  source  loca t ion  corresponding t o  T e s t  Configurat ion 
7 i n  Table  I I ' r ep resen t s  a source  displacement towards t h e  observer .  This  d i s -  
placement d i r e c t i o n  w a s  s e l e c t e d  based on t h e  ca l cu la t ed  ampli tude c o r r e c t i o n s  
obtained from t h e  t h e o r e t i c a l  a n a l y s i s  t o  be  d iscussed  l a t e r .  
t h a t  t h e  amplitude c o r r e c t i o n  i s  t h e  l a r g e s t  as t h e  source approaches t h e  shear  
l a y e r  c l o s e s t  t o  t h e  observer .  
assessment of t h e  ampli tude co r rec t ion .  

It w a s  determined 

This  was expected t o  f a c i l i t a t e  t h e  experimental  

Discrete Tone Turbulence Sca t t e r ing  Measurements - D i s c r e t e  tone  s c a t t e r i n g  
e f f e c t s  due t o  shear  l a y e r  tu rbulence  were evaluated a t  t h e  Mach numbers 
i n v e s t i g a t e d  i n  t h e  ang le  c o r r e c t i o n  experiment. 
ponded t o  f = 1, 2.5,  5 ,  10 ,  17.5,  and 2 5  kHz. The importance of changes i n  
turbulence  l eng th  scale w a s  a l s o  inves t iga t ed  by l o c a t i n g  t h e  source a t  t h r e e  
a x i a l  s t a t i o n s  given by X/Ro = 1 . 3 3 ,  2.66 and 4 . 0  

The t o n e  f r equenc ie s  cor res -  
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DEFINITION OF THE OPEN JET SHEAR LAYER 

The o b j e c t i v e  of t h e  mean ve loc i ty  measurements descr ibed  he re  w a s  t o  document 
t h e  shear  l a y e r  c h a r a c t e r i s t i c s  of t h e  UTRC Acoustic Tunnel as a func t ion  of a x i a l  
p o s i t i o n  and Mach number. 
Radial  d i s t r i b u t i o n s  of t h e  mean v e l o c i t y  w i l l  be  presented f i r s t  t o  i l l u s t r a t e  how 
t h e  shear  l a y e r  f e a t u r e s  change w i t h  a x i a l  d i s t a n c e .  
shear  l a y e r  growth rate w i l l  be  presented as a func t ion  of a x i a l  l o c a t i o n .  
t o  i s o l a t e  changes i n  t h e  v e l o c i t y  d i s t r i b u t i o n  wi th  a x i a l  l o c a t i o n ,  t h e  v e l o c i t y  
p r o f i l e s  are p l o t t e d  i n  a dimensionless form us ing  a s i m i l a r i t y  parameter based 
on the shear  l a y e r  growth ra te .  The r e s u l t i n g  curves from va r ious  a x i a l  s t a t i o n s  
c o l l a p s e  onto one curve  ind ica t ing  t h e  p r o f i l e s  are s i m i l a r .  This  s i m i l a r i t y ,  which 
has  been w e l l  subs t an t i a t ed  by o t h e r  i n v e s t i g a t o r s ,  permi ts  camparisons of t h e  UTRC 
open j e t  test f a c i l i t y  w i th  o t h e r  f a c i l i t i e s .  

These measurements were obtained us ing  hot  w i r e  anemometry. 

Using t h e s e  r e s u l t s ,  the 
F i n a l l y ,  

Mean V e l o c i t i e s  

Mean v e l o c i t y  measurements were obtained a t  an  azimuthal  p o s i t i o n  corresponding 
t o  t h e  p o s i t i o n  of one of t h e  t a b s  on t h e  tunne l  i n l e t  nozzle .  F igure  8 shows t h e  
r a d i a l  d i s t r i b u t i o n  of t h e  mean a x i a l  v e l o c i t y  a t  va r ious  s t a t i o n s  downstream of t h e  
nozz le  exi t .  Here, the l o c a l  v e l o c i t y ,  U,  is  normalized by t h e  open j e t  v e l o c i t y ,  

wh i l e  t h e  a x i a l  p o s i t i o n ,  X, and r a d i a l  p o s i t i o n ,  R,  are normalized by t h e  j e t  
r a d i u s ,  R . The f o u r  Mach numbers, M = 0.1, .2 ,  .3 and .4,  i n  each p l o t ,  correspond 
t o  t h e  test cond i t ions  used i n  t h e  r e f r a c t i o n  and s c a t t e r i n g  s t u d i e s .  

uO , 
0 

The p o t e n t i a l  c o r e  and mixing zone are c l e a r l y  i d e n t i f i e d .  The d i s t r i b u t i o n s  
e x h i b i t  a f a m i l i a r  behavior w i th  t h e  v e l o c i t y  p r o f i l e s  spreading r a d i a l l y  wi th  
inc reas ing  axial  d i s t a n c e .  
1 . 3 3  w a s  due t o  t h e  seve re  mixing forced by t h e  t a b s  a t t ached  t o  t h e  open j e t  
nozz le .  
d i sappear ing  a l t o g e t h e r  beyond X/R 
v a l u e  of X/R 
Mach number a t  each a x i a l  s t a t i o n .  

The bulge  i n  t h e  v e l o c i t y  p r o f i l e s  a t  X/R = 0.66 and 
0 

This  f e a t u r e  i s  smoothed out  wi th  increas ing  d i s t a n c e  from t h e  nozz le  exit 
= 1 .33 .  A comparison of t h e  curves  a t  a f i x e d  

0 
i n d i c a t e s  t h a t  t h e  normalized v e l o c i t y  p r o f i l e s  are independent of 

0 

Shear Layer C h a r a c t e r i s t i c s  

F igure  9 shows a schematic r ep resen ta t ion  of t h e  coord ina tes  needed t o  d e s c r i b e  
t h e  shear  l a y e r  c h a r a c t e r i s t i c s .  
of shear  l a y e r  boundaries ,  t h e  inner  and ou te r  edges of t h e  shear  l a y e r  are  
def ined  h e r e  by t h e  90 percent  (U/U 
l i n e s ,  r e spec t ive ly .  

Since t h e r e  i s  no u n i v e r s a l l y  accepted d e f i n i t i o n  

= 0.9) and 10  percent  (U/U 
The d i s t a n c e  f r o m  t h e  j e t  c e n t e r l i n e  t o  tge ha l f -ve loc i ty  

= 0.1) v e l o c i t y  
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l i n e  (U/Uo = 0.5) is  denoted by R 1 / 2 .  
def ined  as t h e  d i f f e r e n c e  between t h e  inner  and o u t e r  edges of t h e  open j e t .  

The l o c a l  shear  l a y e r  t h i ckness ,  8 ,  i s  

The average r a d i a l  p o s i t i o n  of t h e  inne r  and o u t e r  edge of t h e  shear  l a y e r  
w a s  determined from t h e  v e l o c i t y  p r o f i l e s  i n  f i g u r e  8. The r e s u l t  i s  shown i n  
f i g u r e  10 i n  a d d i t i o n  t o  t h e  average ha l f -ve loc i ty  p o s i t i o n .  
t h i ckness  w a s  then  c a l c u l a t e d  as a func t ion  of a x i a l  p o s i t i o n  us ing  t h e s e  average  

‘ characterist ics.  This  r e s u l t  is  shown as open circles i n  f i g u r e  11 i n  a d d i t i o n  
t o  an empir ica l  s t r a i g h t  l i n e  f i t t e d  through t h e  d a t a  p o i n t s  downstream of X/Ro = 
1.33. The s t r a i g h t  l i n e  could not  be  extended upstream s i n c e  it would p r e d i c t  
a shear  l a y e r  t h i ckness  which exceeds the  va lue  measured a t  X/Ro = 0.66. 

The shear  l a y e r  

Also shown i n  f i g u r e  10 is t h e  well-known a n a l y t i c a l  s o l u t i o n  by Goer t l e r  ( s ee  
page 96, r e f .  18) desc r ib ing  t h e  growth of t h e  shear  l a y e r  i n  a two-dimensional 
p lane  j e t .  The a n a l y t i c a l  s o l u t i o n  w a s  used t o  c a l c u l a t e  t h e  inner  and o u t e r  
edges of t h e  shear  l a y e r  based on t h e  90 percent  and 10 percent  v e l o c i t y  l i n e s .  
The Goer t l e r  s o l u t i o n  is  adequate  f o r  determining t h e  growth rate of axisymmetric 
jets.  This  is  ev ident  i n  t h e  good agreement between theory and t h e  measured open 
j e t  shear  l a y e r  t h i ckness  (see f i g u r e  11) repor t ed  by Candel, et a l .  ( r e f .  1 9 ) .  
Note t h a t  t a b s  w e r e  no t  necessar;-in the  f a c i l i t y  descr ibed  i n  r e fe rence  1 9 .  

, -  

Severa l  conclusions can now be drawn regard ing  t h e  UTRC open j e t .  F i r s t ,  
t h e  shea r  l a y e r  t h i ckness  c l o s e  t o  t h e  nozz le  e x i t  is  l a r g e  when compared t o  o t h e r  
f ac i l i t i e s .  
nozz le  e x i t .  Second, t h e  shear  l a y e r  th ickness  grows a t  a slower ra te  when compared 
t o  t h e  s tandard j e t  without  t a b s .  
t h e  Goer t l e r  so lu t ion .  Despi te  t h e  a l t e r a t i o n  of t h e  UTRC shear  l a y e r  by t h e  t a b s ,  
t h e  a c o u s t i c  r e f r a c t i o n  and s c a t t e r i n g  measurements showed  good agreement wi th  
s t u d i e s  conducted i n  o t h e r  f a c i l i t i e s .  This  w i l l  be  discussed la te r .  

This  is  due t o  t h e  e a r l y  mixing forced by t h e  tabs l  a t t ached  t o  t h e  

A t  l a r g e  X/R shear  l a y e r  t h i ckness  approaches 
0’ 

S i m i l a r i t y  of Veloc i ty  P r o f i l e s  

To permit d i r e c t  comparison of t h e  open j e t  v e l o c i t y  p r o f i l e s  a t  va r ious  
a x i a l  s t a t i o n s ,  t h e  mean v e l o c i t y  d i s t r i b u t i o n s  i n  f i g u r e  8 w e r e  p l o t t e d  ve r sus  
t h e  s i m i l a r i t y  parameter,  n .  
of t h e  normalized v e l o c i t y  p r o f i l e s  i s  given i n  f i g u r e  12 f o r  t h r e e  d i f f e r e n t  
a x i a l  s t a t i o n s  a t  Mach number, M = 0.4 .  The va r ious  curves a t  t h e  t h r e e  s t a t i o n s  
c o l l a p s e  onto a s i n g l e  curve.  Also shown i s  t h e  s tandard  hyperbol ic  tangent  
a n a l y t i c  curve used f o r  two-dimensional p lane- je t  shear  l a y e r s .  The good agreement 
between experimental  d a t a  and t h e  hyperbol ic  tangent  curve means t h i s  r e l a t i o n s h i p  
adequately;  d e s c r i b e s  t h e  UTRC shear  l aye r  c h a r a c t e r i s t i c s .  This  r e l a t i o n  can 
t h e r e f o r e  be used by o t h e r  i n v e s t i g a t o r s  i n  comparing t h e i r  shear  l a y e r  p r o p e r t i e s  
w i t h  t h o s e  of t h e  UTRC Acoustic Tunnel. 

Here Q is  def ined  as, n = (R - R1/2)/6. A comparison 
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THEORETICAL FORMULATION OF THE 
REFRACTION PROBLEM 

R e v i e w  

The b a s i c  approach f o r  most of the  p re sen t  shear  l a y e r  c o r r e c t i o n  t h e o r i e s  

The observer  w a s  assumed t o  
w a s  i n i t i a l l y  given by Amiet ( r e f .  6 ) .  This  a n a l y s i s  t r e a t e d  t h e  case of a 
source  beneath a p l ane  zero- thickness  shear  l a y e r .  
be  i n  t h e  geometric and a c o u s t i c  f a r  f i e l d  of t h e  source.  
l a y e r  could be a t  any d i s t a n c e  from the  source ,  which needed be n e i t h e r  a c o u s t i c a l l y  
compact nor  a po in t  source.  This  analysis, based on t h e  prev ious  work of Ribner 
( r e f .  1) and Miles ( r e f .  2), r e q u i r e s  t h a t  t h e  measurements made o u t s i d e  t h e  
shear  l a y e r  be co r rec t ed  i n  both  angle  and ampli tude,  The r e s u l t  is a c o r r e c t i o n  
method which i s  independent of frequency and source type  (i.e.,  monopole, d ipo le ,  
quadrupole).  

However, t h e  shear  

The same techniques w e r e  appl ied  by Jacques ( r e f .  7) t o  t h e  c a s e  of a 
source  on t h e  c e n t e r l i n e  of a c y l i n d r i c a l  shear  l aye r .  This  case, al though 
q u i t e  s i m i l a r  i n  p r i n c i p l e ,  does r e q u i r e  a d d i t i o n a l  assumptions.  I n  p a r t i c u l a r ,  
i t  must be assumed t h a t  t h e r e  are no mul t ip l e  r e f l e c t i o n s  w i t h i n  t h e  shear  
l a y e r ;  t h a t  is, t h e  waves r e f l e c t e d  from t h e  shear  l a y e r  are assumed t o  be  
completely damped be fo re  aga in  reaching t h e  shear  l a y e r ,  Also,  t h e  shear  l a y e r  
must be i n  t h e  a c o u s t i c  f a r  f i e l d  of the source ;  i f  t h e  shear  l a y e r  w e r e  no t  i n  
t h e  a c o u s t i c  f a r  f i e l d ,  then as shown by Amiet ( r e f .  91, t h e  shear  l a y e r  c o r r e c t i o n  
would depend on source  type  and frequency. That is, t h e  s o l u t i o n  of Amiet i s  no t  
v a l i d  a t  low frequency where t h e  wavelength of sound i s  comparable t o  t h e  j e t  
diameter .  For open j e t  d iameters  encountered i n  p r a c t i c e ,  t h i s  is no t  u sua l ly  a 
seve re  l i m i t a t i o n .  The cu tof f  frequency (frequency below which t h e  surrounding 
chamber becomes non-anechoic) of open j e t  a c o u s t i c  test  f a c i l i t i e s  t y p i c a l l y  
correspond t o  a wavelength to diameter r a t i o  on t h e  o rde r  of 1. 

The h igh  frequency case of a source on t h e  c e n t e r l i n e  of a c y l i n d r i c a l  shear  
l a y e r  w i th  a th i ckness  s i g n i f i c a n t l y  greater than  a wavelength w a s  t r e a t e d  by 
Tester and Morfey ( r e f .  8) .  
open-jet  wind tunne l  measurements, t h e  r e s u l t s  of t h e  a n a l y s i s  can b e  appl ied  
toward t h i s  end. 

Although not  e x p l i c i t l y  der ived  as a c o r r e c t i o n  f o r  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  the  shear  l a y e r  c o r r e c t i o n s  f o r  t h e  two 
cases of zero th i ckness  and i n f i n i t e  th ickness  shear  l a y e r s  d i f f e r  by only  a 
few hundredths of a d e c i b l e  over most of t h e  angular  range as shown i n  r e fe rence  
9. 
i s  t h a t  t h e  zero th ickness  case assumes a r e f l e c t e d  wave e x i s t s  whi le  t h e  i n f i n i t e  
t h i c k n e s s  case assumes t h a t  a l l  t h e  energy i s  t r ansmi t t ed .  
of t h e  r e f l e c t e d  wave is small over m o s t  of t h e  angular  range  ( s e e  e.g. ,  r e f e r e n c e  
6) and s i n c e  t h e  r e f l e c t e d  energy i s  propor t iona l  t o  t h e  square  of t h e  amplitude,  

This  would be expected s i n c e  t h e  bas ic  d i f f e r e n c e  between t h e  two c o r r e c t i o n s  

Since t h e  ampli tude 
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one should expect l i t t l e  d i f f e r e n c e  between t h e  c o r r e c t i o n s .  
ang le s  where t h e  r e f l e c t e d  wave can have a s i g n i f i c a n t  magnitude, bo th  t h e  zero 
th i ckness  and t h e  i n f i n i t e  t h i ckness  co r rec t ions  should be used wi th  cau t ion  s i n c e  
n e i t h e r  c o r r e c t i o n  accounts  f o r  mul t ip l e  r e f l e c t i o n s  wi th in  t h e  shear  l a y e r .  Thus, 
t h e  c o r r e c t i o n  procedure f o r  an  i n f i n i t e  t h i ckness  shear  l a y e r  used by Ahuja et a1 
( r e f .  14)  has  t h e  s a m e  ang le  co r rec t ion  as t h a t  of Amiet ( r e f .  6 and 9 )  and 
Jacques ( r e f .  7)  and a n  ampli tude co r rec t ion  d i f f e r i n g  by a few hundredths of a 
dB over most of t h e  angular  range.  
t o  t h e  c o r r e c t i o n  procedure f o r  a zero th i ckness  shear  l a y e r .  A more d e t a i l e d  
comparison between t h e  va r ious  zero th ickness ,  i n f i n i t e  t h i ckness ,  p l ane  shear  
l a y e r  and c y l i n d r i c a l  shear  l a y e r  r e s u l t s  i s  given i n  r e f e r e n c e  9.  

A t  t h e  extreme 

It is ,  f o r  a l l  p r a c t i c a l  purposes,  equ iva len t  

Shear Layer Correct ion f o r  An Off-Axis 
Acoustic Source 

For t h e  case of a source  on t h e  c e n t e r l i n e  of a c y l i n d r i c a l  shear  l a y e r ,  as 
w a s  d i scussed  i n  r e fe rence  9 ,  t h e  shear l a y e r  must be i n  t h e  a c o u s t i c  f a r  f i e l d  
of t h e  source  f o r  t h e  shear  l a y e r  c o r r e c t i o n  t o  be independent of source  type  
and frequency. 
l a y e r  c o r r e c t i o n  can be  der ived  by ray  t r a c i n g  arguments, 
source  o f f  t h e  c e n t e r l i n e ,  t h e  de r iva t ion  w i l l  a l s o  be based on r ay  a c o u s t i c s .  
The same f a r - f i e l d  assumption requi red  f o r  t h e  on-axis source s o l u t i o n  a p p l i e s  
here .  The main d i f f e r e n c e  between t h i s  case and t h e  on-center l ine  case is  t h a t  
t h e  a lgeb ra  f o r  t h e  r a y  t r a c i n g  of t h e  of f -center  case becomes s i g n i f i c a n t l y  more 
complex. 
r a y  remain t h e  s a m e ,  however. 

Thus, r ay  a c o u s t i c s  p r i n c i p l e s  are a p p l i c a b l e  and t h e  shear  
For t h e  case of a 

The b a s i c  p r i n c i p l e s  governing t h e  c ros s ing  of t h e  shear  l a y e r  by a 

Figures  13 and 14 show t h e  b a s i c  geometry and t h e  coord ina te  system used i n  
t h e  d e r i v a t i o n .  The zero  th ickness  c y l i n d r i c a l  shear  l a y e r  has a r a d i u s ,  a ,  
and t h e  source  is  loca ted  o f f  t h e  c e n t e r l i n e  by a d i s t a n c e  a-h. A Ca r t e s i an  
coord ina te  system has  t h e  o r i g i n  located a t  t h e  source ,  S ,  t h e  x a x i s  p a r a l l e l  
t o  t h e  tunne l  a x i s  and t h e  z axis along t h e  normal from t h e  tunne l  c e n t e r l i n e  t o  
t h e  source.  
t h e  shear  l a y e r  a t  po in t  x , ,  y ' 
observer  0 a t  x -  

tfte r a y  pa th  beneath t h e  shear  l a y e r ,  Btand 41t d e sc r ibe  t h e  r ay  pa th  above t h e  
shear  l a y e r  and r! 

A r a y  travels from t h e  source along t h e  pa th  l abe led  rl c ross ing  
, and cont inues  along pa th  r t o  t h e  , zl' 2 die plane tangent  t o  t h e  shear  l a y e r  a t  p o i n t  

x., yl ' ,  z ' ma a with  the  x-y' p lane .  Angles Bcand $c d e s c r i b e  

and 41rn d e s c r i b e  the  observer  p o s i t i o n  re la t ive t o  t h e  source.  m 

The ang le  0 is  t h e  ang le  between a g iven  l i n e  and t h e  x axis o r  a l i n e  
p a r a l l e l  t o  t h e  x axis. 
l a y e r  and t h e  x axis, 8, i s  t h e  ang le  between t h e  t ransmi t ted  r a y  and a l i n e  
p a r a l l e l  t o  t h e  x axis a t  t h e  shear  layer  c ros s ing  p o i n t ,  and Om is  t h e  a n g l e  
between t h e  x a x i s  and t h e  l i n e  jo in ing  source  and observer .  
ang le  between t h e  x-y p lane  and a plane conta in ing  a given l i n e  and p a r a l l e l  t o  

Thus 8, is the a n g l e  between t h e  r ay  benea th  t h e  shear  

The ang le  41 is  t h e  
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t h e  x axis. 
t h e  x axis and t h e  r a y  beneath t h e  shear l a y e r ,  $t i s  t h e  ang le  between t h e  x-y 
p lane  and t h e  p l ane  conta in ing  t h e  transmlltted ray  and p a r a l l e l  t o  t h e  x axis, 
and 9 is  t h e  a n g l e  between t h e  x-y plane and t h e  p lane  conta in ing  t h e  x axis 
and tRe observer  p o i n t .  
x, y ' ,  z' coord ina te  system through an ang le  c1 about t h e  x axis so that  z is 
normal t o  t h e  tangent  plane.  

Thus, +c is t h e  ang le  between t h e  x-y p l ane  and t h e  p l ane  def ined  by 

The unprimed coord ina te  system i s  def ined  by r o t a t i n g  t h e  

The d e t a i l e d  d e r i v a t i o n  of t he  of f -ax is  source  c o r r e c t i o n  is  g iven  i n  
Appendix A. Resu l t s  of t h i s  c a l c u l a t i o n  can  be summarized as fol lows:  t h e  
ampli tude c o r r e c t i o n  i s  d i f f e r e n t  from t h e  on-axis case f o r  a l l  source-observer 
p o s i t i o n s .  I n  t h e  s p e c f a l  case of an  observer  l oca t ed  i n  t h e  p lane  con ta in ing  
t h e  source  and open-jet  c e n t e r l l n e ,  t he  a n g l e  c o r r e c t i o n  is  i d e n t i c a l  t o  t h a t  
ob ta ined  f o r  an  on-axis source  o r  f o r  the  case of a p l ane  shear  l a y e r .  



EXPERIMENTAL ASSESSMENT OF REFRACTION THEORY 

Angle Correct  ion 

Experimental Approach - The primary o b j e c t i v e  of t h e  experimental  program w a s  
t o  measure t h e  ang le  change a s soc ia t ed  wi th  a c o u s t i c  wave-front propagat ion through 
an  open j e t  shear  l aye r .  While var ious  combinations of source-observer l o c a t i o n s  
could b e  evaluated t h e  p re sen t  study was l i m i t e d  t o  a c o u s t i c  source and f a r - f i e l d  
microphone p o s i t i o n s  s i t u a t e d  i n  a plane which coincided wi th  t h e  j e t  a x i s .  Under 
t h i s  cond i t ions ,  ang le s  @ = 90 and a = 0 i n  f i g u r e s  13 and 1 4 .  The r e s u l t i n g  
propagat ion pa th ,  SBO i n  g igu re  1 4 ,  was thus  confined t o  a p lane  normal t o  t h e  
tangent  p l ane  a t  the shear  l a y e r  c ross ing  po in t .  

0 0 

The three-dimensional geometry i n  f i g u r e s  13 and 1 4  can t h e r e f o r e  be rep laced  
Here wave f r o n t s  propagat ing i n  t h e  

The 

by t h e  two-dimensional geometry i n  f i g u r e  15. 
d i r e c t i o n ,  8 , i n s i d e  t h e  airstream propagate i n  t h e  d i r e c t i o n ,  e t ,  o u t s i d e  t h e  
open j e t .  
change from 8 
t h e  sound propagates  a t  a n g l e  e . 

T k e  a c t u a l  pa th  of an  acous t ic  r ay  is descr ibed by t h e  p o i n t s  SBO. 
t o  et  is  a r e s u l t  of r e f r a c t i o n  by t h e  shear  l a y e r .  Without f low 

C 

m 

The experimental  r e f r a c t i o n  angle  c o r r e c t i o n  f o r  t h e  geometry i n  f i g u r e  15  was 
obta ined  us ing  t h e  test set-up shown in  f i g u r e  5. Acoustic r ay  ang le  changes were 
determined from measurements of t h e  cons tan t  phase o r  wave-front su r f aces  o u t s i d e  
t h e  airstream. I n  t h i s  reg ion ,  t h e  acous t i c  r a y  i s  perpendicular  t o  t h e  wave-front. 
Once t h e  wave-front a n g l e  a t  t h e  observer l o c a t i o n  i s  known, t h e  r a y  normal t o  t h e  
wave-front r ay  can be t r aced  back t o  the  p o i n t ,  
t h e  shear  l a y e r .  
ob ta ined  from t h e  r e l a t i o n s h i p  8 = a r c t a n  (h/X ) .  

a t  which t h e  sound emerged from xQ , The o r i g i n a l  propagation a n g l e  i n s i d e  t h e  open j e t  i s  then  

C 0 

The wave-front a n g l e  w a s  measured i n  t h e  fol lowing manner. Sound w a s  generated 
a t  d i s c r e t e  f requencies  by an  acous t i c  source i n s i d e  t h e  open j e t .  The phase 
d i f f e r e n c e ,  between t h e  s i g n a l s  a r r i v i n g  a t  microphones m and m i n  f i g u r e  5, w a s  

re la t ive  t o  t h e  microphone a r r a y  was ca l cu la t ed  pe rmi t t i ng  t h e  wavenormal r a y  t o  be  
t r a c e d  back t o  t h e  shear  l a y e r  c ross ing  t h e  po in t .  

2 
t hen  determined by c ross -co r re l a t ing  the  s i g n a l s .  From t t; i s ,  t h e  wave-front a n g l e  

Measured Phase Dif fe rence  and Calculated Angle Change - It now remains t o  d e r i v e  
t h e  equat ions  l i n k i n g  t h e  measured phase d i f f e r e n c e  and t h e  o r i g i n a l  propagat ion 
ang le ,  8 , i n s i d e  t h e  f r e e  jet .  The modeling problem i s  shown i n  f i g u r e  16. For 
M = 0, tke a n g l e  between t h e  wave f r o n t  a r r i v i n g  a t  m and t h e  l i n e  connect ing t h e  2 
a r r a y  i s  denoted by Th i s  parameter accounts  f o r  s m a l l  d i f f e r e n c e s  i n  t h e  d i s -  
t ance ,  hr, between t h e  source  and t h e  ind iv idua l  microphones. This  d i f f e r e n c e  is  
due t o  inaccurac i e s  i n  p l ac ing  the two microphones a t  exac t ly  t h e  s a m e  r a d i a l  d i s -  
t a n c e  from t h e  source.  Typica l ly ,  t he  d i f f e r e n c e  w a s  less than  0.25 cm. Assuming 
t h i s  v a l u e  of A r  y i e l d s  a maximum value of po = 0.016 r a d i a n s  f o r  t h e  smallest 
s e p a r a t i o n  d i s t ance ,  1, shown i n  f i g u r e  1 6 .  

. 
0 
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I f  t h e  microphone a r r a y  skewness were neglec ted ,  e r r o r s  would arise i n  t h e  
phase s h i f t  measurement. 
phase s h i f t  occurs  between m and m Since  t h e  present  experiment requi red  an  
accuracy of 0.02 c y c l e s  i t  w a s  necessary t o  account f o r  t h e  skewed microphone 
al ignment .  That i s ,  t h e  measured phase s h i f t  a t  M = 0 w a s  sub t r ac t ed  from the phase 
s h i f t  obtained a t  f i n i t e  Mach number. This  e f f e c t i v e l y  c a l i b r a t e d  t h e  measurement 
of phase s h i f t  t o  account f o r  microphone placement e r r o r .  The mathematical  d e t a i l s  
are presented below. 

For example, i f  A r  = 0.25 c m , t h e n a t  10 lrHz a 0.07 c y c l e  

1 2 '  

The phase d i f f e r e n c e  (expressed in  cyc le s )  between cons t an t  phase p o i n t s  
a r r i v i n g  a t  m and m i s  given by t h e  r e l a t i o n  1 2 

sin po 
frn 
CO 

A =  - 

The parameters,  4 and 4, account f o r  t h e  phase l a g  between t h e  a c o u s t i c  input  
s i g n a l  t o  each microphone diaphragm and t h e  f i n a l  v o l t a g e  s i g n a l  appl ied  a t  t h e  
c o r r e l a t o r .  
range  employed i n  t h e  present  ang le  co r rec t ion  experiment. 
phase l a g  characteristics are included i n  t h i s  parameter.  

Nominally, t h i s  phase l a g  is  less than  0.1 c y c l e s  f o r  t h e  frequency 
The microphone c a r t r i d g e  

The parameter , , w a s  measured d i r e c t l y  by c ros s -co r re l a t ing  t h e  p e r i o d i c  
s i g n a l s  a r r i v i n g  a t  t 1 e adjacent  microphones. F igure  17 i l l u s t r a t e s  t h e  c o r r e l a t o r  

c o r r e l a t i o n  % unct ion  w a s  def ined as  the  mid-point between t h e  ze ro  cross-over po in t s .  

9 = T ' f .  The 
time de lay  trace. 
magnitude of T has been exaggerated t o  make it p e r c e p t i b l e  i n  t h e  f i g u r e .  
Nominally, 

I n  f i g u r e  17 t h e  mid-point of t h e  second c y c l e  and a knowledge of t h e  per iod were 
used t o  l o c a t e  t h e  mid-point of t h e  f i r s t  cyc le .  By us ing  two cross-over p o i n t s  
i r r e g u l a r i t i e s  i n  t h e  c o r r e l a t i o n  func t ion  were averaged. 
i s  used h e r e  t o  desc r ibe  a dev ia t ion  of t h e  measured c o r r e l a t i o n  func t ions  from a smooth\ 
s i n u s o i d a l  behavior .  These dev ia t ions  occurred because both microphones sensed 
open j e t  shear  l a y e r  background n o i s e  as w e l l  as source  no i se .  
i n  t h e  c o r r e l a t i o n  func t ion  only occured, t h e r e f o r e ,  a t  non-zero Mach numbers. 

Based on t h e  phase s h i f t  of t h e  f i r s t  maximum, 

i s  less than  0.1 cyc le s .  The l o c a t i o n  of t h e  f i r s t  maximum i n  t h e  

The t e r m  " i r r e g u l a r i t i e s "  

Such i r r e g u l a r i t i e s  

For M # 0,  t h e  phase d i f f e r e n c e ,  t h e r e f o r e ,  is  given by 

A i =  AI+ ( A l - A 2 ) '  (3)  

where 

I 
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Here p 
f o r  t h e  d i f f e r e n c e  A', - + g ives  

d e s c r i b e s  t h e  ang le  between the  two wavenormal r a y s  i n  f i g u r e  16.  Solving 1 

I ( 5) 
Ak-AT = 

Appendix B shows how t h i s  express ion  may be  s impl i f i ed  f u r t h e r  i f  p 
Solving f o r  1-1 g ives  

is s m a l l .  
0 

1 

I 
From t h i s  0 can be determined us ing  the  r e l a t i o n s h i p  

C 

e,= tan-'(h/X,) 

where 

(7) 

The express ion  f o r  X is der ived in  Appendix C. 
0 

The above approach w a s  successfu l  on ly  a t  M = 0.1. For h igher  open j e t  Mach 
numbers, t h e  f a c i l i t y  random background n o i s e  dominated t h e  c ros s -co r re l a t ion  func- 
t i o n  as i s  i l l u s t r a t e d  by t h e  two-microphone c o r r e l a t i o n  func t ion  i n  f i g u r e  18. 
Although a pe r iod ic  waveform is  present  i n  t h e  c ros s -co r re l a t ion  func t ion ,  t h e  
measured r e s u l t  is  no t  s u i t a b l e  f o r  solving equat ion 6 f o r  t h e  wavefront propagat ion 
angle .  To v e r i f y  t h a t  t h e  t i m e  de lay  trace is  dominated by f a c i l i t y  no i se ,  a second 
trace is shown wi th  t h e  a c o u s t i c  source turned o f f .  

The background no i se  dominated t h e  c ros s -co r re l a t ion  func t ion  d e s p i t e  t h e  
12 dB s i g n a l  t o  no i se  r a t i o  shown i n  f i g u r e  19. 
phone input  s i g n a l s  t o  t h e  c o r r e l a t o r  were not  f i l t e r e d  pe rmi t t i ng  t h e  complete 
background no i se  s i g n a l  t o  con t r ibu te  t o  t h e  c ros s -co r re l a t ion .  
t h a t  t h i s  problem can be circumvented by narrowband f i l t e r i n g  t h e  microphone spec- 
trum shown i n  f i g u r e  19 t o  pass only the pure-tone component. However, t h i s  s t i l l  
r e t a i n s  i n  t h e  c o r r e l a t i o n  func t ion  a c o n t r i b u t i o n  from t h e  c ros s -co r re l a t ion  of 
t h e  f i l t e r e d  narrowband microphone s i g n a l s .  
corresponds t o  t h e  f i l t e r  cu to f f  f requencies .  
t h e  a c o u s t i c  source frequency, a por t ion  of t h e  narrowband random c o n t r i b u t i o n  
would remain i n  t h e  c ros s -co r re l a t  ion. 

This  occurred because t h e  micro- 

It may appear 

The p e r i o d i c i t y  of t h i s  con t r ibu t ion  
Since these  f requencies  are c l o s e  t o  
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An a l t e r n a t e  c ros s -co r re l a t ion  technique developed by Schl inker  ( r e f . 2 1  
w a s  t he re fo re  employed. The method involves c ros s -co r re l a t ing  t h e  ind iv idua l  
microphone s i g n a l s  with the  pe r iod ic  input s i g n a l  t o  t h e  acous t i c  d r i v e r  system. 
The random s i g n a l s  due t o  f a c i l i t y  noise are r e j e c t e d  leaving  only t h e  pe r iod ic  
component. The success  of t he  method is  i l l u s t r a t e d  by the  c o r r e l a t i o n  t r a c e s  i n  
f i g u r e  20.  
genera tor  c ros s -co r re l a t ion  func t ions .  To v e r i f y  t h a t  t h e  t r a c e s  are independent 
of t h e  f a c i l i t y  no i se ,  one t r a c e  is shown with t h e  source turned o f f .  

Here S l y s  and S7,s represent  t h e  ind iv idua l  microphone-signal 

The mathematical  d e t a i l s  l i n k i n g  t h e  c o r r e l a t i o n s  i n  f i g u r e  20 w i t h  t h e  micro- 
phone o r i e n t a t i o n  ang le  1.1 + 1.1 are presented i n  Appendix D. The f i n a l  r e s u l t  f o r  
t h e  phase d i f f e r e n c e  a t  non-zero Mach number is  

1 0  

where 0' r e p r e s e n t s  t h e  phase d i f f e rence  between t h e  a c o u s t i c  d r i v e r  s i g n a l  and 
t h e  microphones. Equation (9), when used i n  conjunct ion  wi th  equat ion (6) ,  g i v e s  

A b r i e f  d i scuss ion  of t h e  measured phase d i f f e r e n c e  i s  now warranted s i n c e  t h e  
a n g l e  c o r r e c t i o n  is  der ived from t h i s  parameter. 
determined phase d i f f e r e n c e ,  4.' - +, f o r  a 2.5 lcHz acous t i c  source frequency wi th  
t h e  open j e t  opera t ing  a t  M = 0.3. 
Configurat ion 1 i n  Table  I. Two d i f f e r e n t  microphone spacings w e r e  used i n  t h e  
measurement. For ang le s  near  90 where r e f r a c t i o n  is  minimal, a l a r g e  sepa ra t ion  
(!L = 0.48 m) w a s  used t o  o b t a i n  a measurable phase s h i f t .  
c l o s e  t o  t h e  j e t  a x i s  where t h e  phase s h i f t  is  l a r g e  
w a s  used. 

F igure  2 1  shows t h e  experimental ly  

The  source  p o s i t i o n  corresponded t o  T e s t  

0 

I n  c o n t r a a t ,  a t  ang le s  
a smaller sepa ra t ion  ( 2  = 0.3 m) 

The measured d a t a  i n  f i g u r e  2 1  are compared t o  t h e  phase d i f f e r e n c e  c a l c u l a t e d  
from t h e  r e f r a c t i o n  theory developed in t h e  prev ious  sec t ion .  
e x c e l l e n t  agreement between t h e  theory and experiment over t h e  complete r ange  of 
measurement angle .  
t ion  a s soc ia t ed  wi th  t h e  t ransmission of sound through t h e  shear  l a y e r .  

The f i g u r e  shows 

The measured phase w a s  then  used t o  c a l c u l a t e  t h e  a n g l e  cor rec-  

P lane  Wave Propagation Assumptions - The above experimental  approach assumes 
t h a t  t h e  wave f r o n t  a r r i v i n g  a t  t h e  f a r - f i e ld  microphone a r r a y  i s  p lane .  The 
p o s s i b l e  e r r o r  i n  t h i s  assumption w a s  eva lua ted  by c a l c u l a t i n g  t h e  time f o r  t h e  
sound t o  t r a v e l  from t h e  source t o  the ind iv idua l  f a r - f i e l d  microphones. The 
d i f f e r e n c e  between t h e s e  t i m e s  w a s  then compared t o  t h e  time c a l c u l a t e d  us ing  t h e  
p l ane  wave assumption. 

2 4  



For a poin t  source  i n  a flow, t h e  p h a s e , @ ,  i of t h e  waves i s  

I f  81 = 0 a t  t = 0,  then  t h e  same wave f r o n t  w i l l  r each  t h e  poin t  (X 
t ime t where 

0, h) a t  
0, 

0 

2 t  + M X o Z J X t  + P  2 2  h , C O P  0 

Here X i s  t h e  shear  l a y e r  c rossover  in  f i g u r e  15. Using t a n  8 = h/X along w i t h  

equat ion A . 1 8  r e l a t i n g  8 and 8 gives 
_. - 0 C 0 

C C 

h (I- MCOSQ,)  
to = 

(13) 

The t h e  f o r  t h e  wave t o  t r a v e l  from Xo t o  t h e  observer  a t  0 ( see  f i g u r e  15) is  , 

The t o t a l  time f o r  a sound wave t o  travel from t h e  source t o  a f a r - f i e l d  
microphone is  then  t = t + t The exact  time d i f f e r e n c e ,  A t  f o r  t h e  sound 
t o  r each  t h e  two s e p a r a t e  microphones is  obtained from t h e  d i f f e r e n c e  between t h e  
v a l u e  of t ca l cu la t ed  f o r  each microphone. 

2 0 1' e' 

2 

On t h e  o the r  hand, t h e  approximate c a l c u l a t i o n  t r e a t i n g  t h e  wave f r o n t  as 
p l ane  g i v e s  f o r  t h e  time d i f f e r e n c e  (see f i g u r e  1 6 ) .  

P At, = T, sinIet -ern, 2- co sift&i 

This  expression i s  e a s i l y  derived from equat ion ( B . 5 ) .  No 

(15) 

e t h a t  f o r  t h i s  
and 9 are  averages ca l cu la t ed  f o r  an  observer  midway c a l c u l a t i o n  t h e  ang le s  8 

between t h e  two microphones. 
t m 

F igure  22 shows t h e  percent  e r ro r  between t h e  exac t  (At ) and approximate ( A t  ) e a 
s o l u t i o n s  def ined as 
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at -at 
PERCENT ERROR = 100 -* 1 

The c a l c u l a t i o n s  are f o r  t h e  maximum microphone s e p a r a t i o n  used which w a s  
R = 0.48 m. 
next  smaller sepa ra t ion  v a l u e  l i s t e d  in  f i g u r e  1 6  would g i v e  a n  e r r o r  approximately 
1 / 4  as l a r g e .  
on t h e  o rde r  of a few percent .  
earlier. 

The e r r o r  goes as t h e  square of t h e  microphone sepa ra t ion  so  t h a t  t h e  

Even a t  t h e  l a r g e  separa t ion ,  however, t h e  e r r o r  w a s  very  small, 
This  j u s t i f i e s  t h e  experimental  approach descr ibed  

Comparison of Measured and Theore t ica l  Ref rac t ion  Angle Correc t ion  - Comparison 
of theory  and experiment is  g iven  f i r s t  f o r  t h e  case of a n  on-axis source l o c a t i o n .  
Shown i n  f i g u r e  23 is a comparison between t h e  measured and t h e o r e t i c a l  ang le  
c o r r e c t i o n  as a func t ion  of open je t  Mach number and a c o u s t i c  source frequency. 
The source  and f a r  f i e l d  microphone pos i t i ons  correspond t o  T e s t  Configurat ion 1. 
S p e c i f i c  coord ina te s  f o r  t h i s  geometry are given i n  f i g u r e  23(a) .  Only two 
curves  are shown i n  each p l o t  t o  avoid crowding t h e  experimental  d a t a  po in t s .  

The agreement between theory  and experiment i s  considered good p a r t i c u l a r l y  
a t  f r equenc ie s  above 1 kHz where t h e  phase d i f f e r e n c e s  are l a r g e  and measurement 
.accuracy i s  correspondingly good. A t  1 kHz, t h e  s m a l l  measured phase d l f f e r e n c e  
introduced some scatter i n t o  t h e  experimental  d a t a  p o i n t s .  To o b t a i n  a quant i ta -  
t i v e  assessment of t h e  r e f r a c t i o n  co r rec t ion  theory ,  t h e  a b s o l u t e  d i f f e r e n c e  between 
t h e  t h e o r e t i c a l  curves  and t h e  d a t a  can be  ca l cu la t ed .  
angle ,  8 
1 .25  a t  M = 0.1, 0.25 a t  M = 0.2,  0.4 a t  M = 0 . 3 ,  and 0.6 a t  M = 0 . 4 .  The 
l a r g e s t  d e v i a t i o n s  occurred a t  low Mach number due t o  t h e  s m a l l  measured phase 
d i f f e r e n c e .  

Considering t h e  measurement 
= 37.5O, where t h e  co r rec t ion  is  s i g n i f i c a n t ,  t h e  average d i f f e r e n c e  w a s  

o m  0 0 0 

F igures  24 and 25 show comparisons between t h e  measured and t h e o r e t i c a l  a n g l e  
c o r r e c t i o n  a t  two a d d i t i o n a l  downstream l o c a t i o n s .  The frequency dependence a t  
M = 0 .4  is  shown i n  p a r t  ( a )  and (b) of each f i g u r e  wh i l e  t h e  Mach number dependence 
a t  a f i x e d  frequency of 5 kHz is  shown i n  p a r t  ( c )  of each f i g u r e .  This  l i m i t e d  
frequency and Mach number s tudy w a s  conducted t o  v e r i f y  t h e  t r e n d s  obtained i n  
f i g u r e  23 .  I n  a l l  cases, t h e  agreement between theory  and experiment i s  good. 
The a b s o l u t e  d i f f e r e n c e  between theory and d a t a  p o i n t s  w a s ,  i n  a l l  cases, less 
than  2' a t  8 = 37.5O. m 

Considering now of f  -ax is  source loca t  i ons ,  f i g u r e  2 6 is  a comparison between 

The t e s t  cond i t ions  are i d e n t i c a l  t o  t h o s e  evalu- 
t h e  measured and t h e o r e t i c a l  ang le  co r rec t ion  as  a func t ion  of open-jet  Mach number 
and a c o u s t i c  source frequency. 
a t e d  i n  t h e  on-axis geometry presented i n  f i g u r e  2 3 .  
a s s e s s i n g  t h e  c a p a b i l i t y  of t h e  theory t o  p r e d i c t  changes i n  source-to-shear l a y e r  

This  approach permit ted 
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s e p a r a t i o n  d i s t a n c e s .  The r e s u l t s  f o r  f = 1 kHz are not  included due t o  t h e  l a r g e  
scatter i n  t h e  d a t a .  

The comparisons i n  f i g u r e  26 i n d i c a t e  good agreement a t  ang le s  c l o s e  t o  t h e  
j e t  axis. However, a c o n s i s t e n t  discrepancy occurred a t  l a r g e  measurement ang le s  
f o r  a l l  f requencies  and Mach numbers above M = 0.1. A t  M = 0.1,  t h e  discrepancy 
w a s  no t  p e r c e p t i b l e  s i n c e  t h e  ang le  co r rec t ion  is  smaller. 

The o r i g i n  of t h e  d i sc repanc ie s  was t r aced  t o  t h e  s e l e c t i o n  of t h e  source- 
to-shear  l a y e r  s epa ra t ion  d i s t ance ,  h ,  which is  a n  input  t o  both t h e  experimental  
d a t a  r educ t ion  ( s e e  equat ion 7) and t h e  t h e o r e t i c a l  a n a l y s i s .  The r e s u l t s  i n  
f i g u r e  26  ( a s  w e l l  as t h e  on-axis comparisons i n  f i g u r e s  2 3 ,  2 4 ,  and 2 5 )  were 
obta ined  us ing  a vo r t ex  shee t  l oca t ed  a t  t h e  nozz le  l i p - l i n e  t o  r ep resen t  t h e  
shear  l a y e r .  From t h e  mean v e l o c i t y  c a l i b r a t i o n s  shown i n  f i g u r e  1 0  t h i s  vo r t ex  
shee t  w a s  a l s o  loca ted  c l o s e  t o  t h e  half  v e l o c i t y  poin t  i n  t h e  shear  l a y e r .  The 
v a l u e  of h/R corresponding t o  a shear  l a y e r  l oca t ed  a t  t h e  nozz le  l i p - l i n e  w a s  
0 .55 .  I f ,  however, t h e  ze ro  thickness shear  l a y e r  is  a r b i t r a r i l y  assumed t o  be 
loca ted  such that h/R = 0 .76 ,  agreement between theory and experiment improves 
s i g n i f i c a n t l y  as shown i n  f i g u r e  2 7 .  
r e c a l c u l a t e d  us ing  h'/R = 0 . 7 6 ,  i n  p l ace  of h/R = 0.55.  Simi la r ly ,  t h e  experi-  
mental  a n g l e  c o r r e c t i o n s  were r eca l cu la t ed  us ing  h'/R 
A s  shown i n  f i g u r e  27 t h e  agreement between theory  an8 experiment is  good a t  a l l  
ang le s  wi th  t h e  d i f f e r e n c e  not  exceeding 2 a t  0 = 37.5 over t h e  complete 
ope ra t ing  range. Based on t h e  measured mean v e l o c i t y  p r o f i l e s ,  t h e  assumption of 
h/R 
t h e  qua r t e r  v e l o c i t y  poin t  i n  t h e  shear l a y e r ;  that i s ,  U = 1 / 4  Uo a t  t h e  assumed 
vor t ex  shee t  l o c a t  ion.  

0 

0 
I n  f i g u r e  2 7 ,  t h e  t h e o r e t i c a l  p r e d i c t i o n  w a s  

= 0.76 and equat ion (7). 0 0 

0 0 

r? 

= 0.76  i m p l i e s  t h e  ze ro  th i ckness  shear  l a y e r  i s  being placed a t  approximately 
0 

This  r e s u l t  warran ts  f u r t h e r  d i scuss ion  since a forced agreement between 
theory  and experiment does not provide assessment of theory .  
f o r  h/R 
n e g l i g i g l e  change i n  t h e  t h e o r e t i c a l  angle  co r rec t ion .  
p a r t i c u l a r l y  s e n s i t i v e  t o  s m a l l  changes i n  h/R . The procedure t o  reduce experi-  
mental  d a t a ,  however, i s  s e n s i t i v e  t o  t h e  assumed shear  l a y e r  l o c a t i o n  s i n c e  t h e  
r a y  o u t s i d e  t h e  open-jet is  t r aced  back t o  t h e  shear  l a y e r  c rossover  p o i n t .  A s  t h e  
assumed shear  l a y e r  l o c a t i o n  is  changed, t h e  crossover  po in t  s h i f t s  and t h e  experi-  
mental  r e s u l t  i s  a l t e r e d .  The b e t t e r  agreement i n  f i g u r e  2 7 ,  t h e r e f o r e ,  is  due t o  
a change i n  t h e  experimental  r e s u l t .  This  i n d i c a t e s  t h a t  t h e  present  experiment 
and d a t a  reduct ion  procedure are poorly designed f o r  a s ses s ing  theory  a t  small 
h/Ro. 

By comparing f i g u r e  26  
= 0.55 and f i g u r e  27 f o r  h/R = 0.76 it can be  seen t h a t  t h e r e  i s  a 

0 
T h a t  i s ,  t h e  theory  is  no t  

0 

To support  t h i s  conclusion,  t h e  s e n s i t i v i t y  of experimental  r e s u l t s  t o  a 
s m a l l  change i n  h (Ah) w a s  c a l c u l a t e d  and found t o  b e  s i g n i f i c a n t l y  g r e a t e r  a t  
s m a l l  h/R ( 0 . 5 5 )  than  l a r g e  h/R (1 .44) .  A s  discussed  subsequent ly ,  good agreement 
between tgeory and experiment w a s  obtained a t  t h e  l a r g e r  v a l u e  of h/Ro. 0 
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Locating a ze ro  th i ckness  shear  l aye r  on an ex tens ion  of t h e  nozz le  l i p - l i n e  
f o r  t h e  purpose of reducing experimental d a t a  involves  two assumptions.  
shear  l a y e r  t h i ckness  i s  not  important and second, t h e  nozz le  l i p - l i n e  r e p r e s e n t s  
t h e  a p p r o p r i a t e  l o c a t i o n  t o  p l a c e  t h e  vo r t ex  shee t .  I f  a ze ro  th i ckness  l a y e r  i s  
not assumed, however, r e f r a c t i o n  theory must be app l i ed  t o  trace t h e  r a y  back 
through t h e  shear  l a y e r  as p a r t  of t h e  d a t a  r educ t ion  procedure.  This  then  
in t roduces  t h e  problem of employing theory,  t o  some e x t e n t ,  t o  reduce  d a t a  which 
i n  t u r n  i s  intended t o  assess theory.  Such a c a l c u l a t i o n  would be  of va lue ,  however, 
i n  e s t a b l i s h i n g  a cons is tency  check ( c losu re  of t h e  problem). 
d e t a i l e d  e r r o r  a n a l y s i s  of t h e  experimental  procedure t o  determine i ts  s e n s i t i v i t y  
t o  changes i n  assumed va lues  of h would f u r t h e r  c l a r i f y  t h e  problem. 

F i r s t ,  

I n  a d d i t i o n ,  a 

To f u r t h e r  i n v e s t i g a t e  t h e  observed disagreement between theory  and experiment 
f o r  t h e  o f f - ax i s  case, a d d i t i o n a l  measurements were performed wi th  t h e  source a t  
t h e  same a x i a l  l o c a t i o n  (X/R 
t h e  j e t  c e n t e r l i n e  (h/R 
p o s i t i o n s  correspond t o  T e s t  Configuration 5. 
between t h e  measured and t h e o r e t i c a l  angle  c o r r e c t i o n  a t  s e l e c t e d  Mach numbers and 
a c o u s t i c  source  f requencies .  The agreement between theory  and experiment i s  
observed t o  be  good a t  a l l  ope ra t ing  condi t ions .  

= 1 . 3 3 )  but d i sp laced  i n  t h e  oppos i t e  d i r e c t i o n  from 

Shown i n  f i g u r e  28 i s  a comparison 
= 1f)44). Here t h e  source  and f a r - f i e l d  microphone 

0 

I n  summary, d a t a  obtained a t  t h r e e  on-axis,  a x i a l  source  p o s i t i o n s ,  four  
source  f r equenc ie s  and seve ra l  Mach nubmers between 0.1 and 0.4 suggest  t h a t  t h e  
r e f r a c t i o n  a n g l e  c o r r e c t i o n  i s  independent of shear  l a y e r  t h i c k n e s s  and frequency 
as p red ic t ed  previously.  Off-axis theory w a s  v a l i d a t e d  f o r  sou rce  p o s i t i o n  
having a l a r g e  v a l u e  of h/R . 
having a s m a l l  va lue  of h/R 
r educ t ion  of experimental  da ta .  Based on work obtained t o  d a t e ,  t h e r e f o r e ,  t h e  
r e f r a c t i o n  a n g l e  change c o r r e c t i o n  procedure should be  appl ied  as i n  t h e  present  
s tudy,  t h a t  is, t h e  zero  th i ckness  shear l a y e r  should be loca ted  on t h e  nozz le  
l i p - l i n e  f o r  a l l  source p o s i t i o n s .  

F a i l u r e  t o  o b t a i n  agreement a t  an  o f f - a x i s  p o s i t i o n  
0 

0 
is  bel ieved a s soc ia t ed  wi th  assumptions employed i n  t h e  

Amplitude Correct ion 

Experimental  Approach - The primary o b j e c t i v e  of t h e  p re sen t  r e sea rch  w a s  t o  
experimental ly  assess t h e  r e f r a c t i o n  angle  c o r r e c t i o n  theory .  
devoted t o  experimental ly  eva lua t ing  the  ampli tude c o r r e c t i o n  theory .  Tests were 
conducted us ing  t h e  same two dimensional geometry ( f i g .  15) employed i n  t h e  ang le  
c o r r e c t i o n  s tudy.  
shedding w a s  placed i n  t h e  open j e t  airstream. 
d i r e c t i v i t y  w a s  measured a t  va r ious  Mach numbers. 
ented by t h e  func t ion  SPL ( e  M ) ,  was  normalized re la t ive t o  t h e  sound p res su re  
l e v e l  a t  8 = 85'. 

A lesser e f f o r t  w a s  

A d i p o l e  source cons i s t ing  of a cy l inde r  undergoing vo r t ex  
The r e s u l t i n g  f a r  f i e l d  t o n e  

Each d i r e c t i v i t y  curve,  repres-  

m' 
Theore t i ca l  curves f o r  t h e  d i p o l e  d i r e c t i v i t y  i n s i d e  t h e  m 



open j e t  w e r e  a l s o  generated f o r  each test condi t ion .  These curves  w e r e  i d e n t i f i e d  
as SPL (Oc(em) ,M) . 
t h e  a n g l e  c o r r e c t i o n  theory.  

Here, t h e  a n g l e  8 i n s i d e  t h e  airstream w a s  l i nked  t o  8 by 
C m 

F i n a l l y ,  t h e  experimental  a m p l i t u d e  c o r r e c t i o n  func t ion ,  AMP, w a s  determined 
from t h e  expression 

The parameter,  C w a s  needed t o  ad jus t  the  r i g h t  s i d e  of equat ion ( 1 7 )  t o  a g r e e  
wi th  t h e  a b s o l u t e  va lue  of t h e  a m p l i t u d e  c o r r e c t i o n .  

1 

I d e a l l y  C1 would be  determined from a d i r e c t  measurement of t h e  d i p o l e  sound 
p res su re  l e v e l  a t  one s p e c i f i c  angle ,  Om,  o u t s i d e  t h e  airstream and t h e  corresponding 
angle ,  OC(8,>, i n s i d e  t h e  open j e t .  
explora tory  na tu re  of t h e  present  study. I n s t e a d ,  t h e  experimental  amplitude 
c o r r e c t i o n  func t ion  w a s  equated t o  t h e  t h e o r e t i c a l  amplitude c o r r e c t i o n  a t  t h e  85' 
r e fe rence  angle .  

However ,  such measurements exceeded t h e  

The experimental ly  determined amplitude c o r r e c t i o n  func t ion  w a s  t hen  compared 
t o  the  t h e o r e t i c a l  p r e d i c t i o n  over a range of measurement angles .  It should be 
noted t h a t  t h i s  approach i s  only capable of v e r i f y i n g  t h e  shape of t h e  ampli tude 
c o r r e c t i o n  theory a t  each Mach number. Absolute  sound p res su re  l e v e l s  cannot be  
a sce r t a ined  s i n c e  C 1  w a s  no t  evaluated by d i r e c t  measurement. 

Comparison of Measured and Theore t ica l  Amplitude Correc t ion  Resu l t s  - The s o l i d  
curve i n  f i g u r e  29 shows t h e  p red ic t ed  ampli tude c o r r e c t i o n  based on t h e  t h e o r e t i c a l  
formula t ion  of t h e  r e f r a c t i o n  problem presented earlier. The r e s u l t  a p p l i e s  f o r  an 
a c o u s t i c  sou rce  s i t u a t e d  a t  t h e  coordinates  def ined  by T e s t  Conf igura t ion  6 .  
S a t i s f a c t o r y  agreement between theory and experiment e x i s t s  a t  measurement angles  
g r e a t e r  than  55 degrees .  The poor agreement a t  angles  c l o s e  t o  t h e  je t  a x i s  was 
t y p i c a l  of  t h e  r e s u l t s  obtained during t h e  p re sen t  s tudy.  

The discrepancy w a s  a t t r i b u t e d  t o  t h e  d i p o l e  sound source  employed i n  t h e  
experiment r a t h e r  than t h e  t h e o r e t i c a l  a n a l y s i s .  I t  i s  be l ieved  t h a t  t h e  three-  
dimensional flow nea r  t he  ends of t h e  20 c m  long tes t  cy l inde r  ( f i g .  6 )  r e s u l t e d  
i n  a spanwise varying vo r t ex  shedding process .  
t h e  two-dimensional vo r t ex  shedding process f o r  which t h e  d ipo le  d i r e c t i v i t y  w a s  
c a l c u l a t e d  i n  equat ion 1 7 .  

This  condi t ion  would n o t  s imula t e  

29 



The above experimental  approach was unable t o  v e r i f y  d i r e c t l y  t h e  t h e o r e t i c a l  
ampli tude co r rec t ion .  The theory  can, however, be v e r i f i e d  i n d i r e c t l y  us ing  t h e  
t h e o r e t i c a l  and experimental  amplitude c o r r e c t i o n  s tudy  r e c e n t l y  repor ted  by Ahuja 
e t  a l .  ( r e f .  1 4 ) .  The theory  i n  re ference  1 4  w a s  assessed  f o r  M 5 0 . 2 6  wi th  t h e  
r e s u l t s  confirming t h e  v a l i d i t y  of t h e  amplitude c o r r e c t i o n  f a c t o r  f o r  a source  
s i t u a t e d  on the  j e t  a x i s .  S ince  t h e  ana lys i s  developed i n  t h e  p re sen t  s tudy  is 
almost i d e n t i c a l  ( t o  be d iscussed  below) t o  t h e  theory i n  r e fe rence  1 4 ,  t h e  p re sen t  
a n a l y s i s  w a s  i n d i r e c t l y  confirmed f o r  a source  on t h e  c e n t e r l i n e .  It s t i l l  remains 
t o  v e r i f y  t h e  present  theory a t  h igher  Mach numbers and of f -ax is  a c o u s t i c  source  
p o s i t i o n s .  

Comparisons W i t h  Other I n v e s t i g a t o r s  

It i s  worthwhile t o  c l a r i f y  t h e  r e l a t i o n s h i p  between t h e  p re sen t  r e f r a c t i o n  
theory and t h a t  descr ibed i n  t h e  publ ica t ion  of Ahuja ( r e f .  1 4 ) .  The angle  
c o r r e c t i o n  f o r  an  on-axis a c o u s t i c  source repor ted  by Ahuja is  exac t ly  t h a t  given 
earlier by Amiet ( r e f .  6) and Jacques ( r e f .  7) f o r  a zero  th ickness  s h e a r  l a y e r .  
The gene ra l  a n a l y s i s  i n  the  s e c t i o n  t i t l e d  Theore t i ca l  Formulation of t h e  Ref rac t ion  
Problem reduces t o  t h a t  given i n  re ference  9 f o r  t h e  s p e c i a l  case of an on-axis 
a c o u s t i c  source.  

The genera l  amplitude c o r r e c t i o n  theory i n  the  p re sen t  s tudy  a l s o  assumes a 
zero th ickness  s h e a r  l a y e r .  I n  cont ras t  t h e  on-axis a n a l y s i s  used by Ahuja assumes 
a s h e a r  l a y e r  th ickness  which i s  i n f i n i t e  compared t o  t h e  a c o u s t i c  wavelength. The 
d i f f e r e n c e  between these  two approaches f o r  an on-axis sou rce  w a s  given ear l ier  by 
Amiet (eq.  (14) of r e f .  9) and is qu i t e  s m a l l  over  most of t h e  angular  range,  as 
shown i n  f i g u r e  30. A t  t h e  extreme measurement angles  (nea r  t he  zone of s i l e n c e  and 
nea r  t he  upstream a x i s )  where t h e  d i f f e rence  between t h e  two approaches becomes 
s i g n i f i c a n t ,  i t  would be expected t h a t  n e i t h e r  r e s u l t  would be  a c c u r a t e  s i n c e  n e i t h e r  
approach properly accounts f o r  t he  mul t ip le  r e f l e c t i o n s  which occur  i n  t h e s e  reg ions .  
Thus, i n  t h e  range of p r a c t i c a l  use ,  t h e  approach of Ahuja g ives  r e s u l t s  which d i f f e r  
l i t t l e  from those  of Amiet ( r e f .  6) or  t h e  present  a n a l y s i s .  Consequently, t h e  
experimental  confirmation of t h e  theory i n  r e fe rence  14 a l s o  confirmed i n d i r e c t l y  
t h e  p re sen t  ana lys i s .  The advantage of t h e  p re sen t  a n a l y s i s  is t h a t  i t  can treat 
t h e  case of an of f -ax is  source.  

Evaluation and Summary 

Refrac t ion  of sound waves passing through an open j e t  c i r c u l a r  shea r  l a y e r  
r e s u l t s  i n  s i g n i f i c a n t  wave f r o n t  angle changes a t  Mach numbers g r e a t e r  than  0.1. 
Acoust ic  source  d i r e c t i v i t y  p a t t e r n s  a r e  thereby changed and, hence,  may a l t e r  t h e  
conclusions drawn from an experiment. The r e f r a c t i o n  angle  change is independent 
of t h e  acous t i c  source frequency and the a x i a l  source  l o c a t i o n .  
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A theory capable  of p red ic t ing  the c i r c u l a r  open j e t  r e f r a c t i o n  ang le  changes 
f o r  an a r b i t r a r y  a c o u s t i c  source  type,  source  p o s i t i o n ,  and f a r - f i e l d  observer  
p o s i t i o n  w a s  va l ida t ed  experimental ly .  
i n  t h e  theory i s ,  the re fo re ,  an adequate r e p r e s e n t a t i o n  of t h e  f i n i t e  t h i ckness  
s h e a r  l a y e r .  Axial  v a r i a t i o n s  i n  the  mean shear  l a y e r  p r o p e r t i e s  and divergence of 
t h e  flow f i e l d  are n o t  needed i n  the  t h e o r e t i c a l  formulat ion.  The frequency inde- 
pendence of t h e  a n a l y s i s  w a s  v e r i f i e d .  F a i l u r e  t o  o b t a i n  agreement between theory 
and experiment f o r  an o f f - ax i s  source a t  s m a l l  source-to-shear l a y e r  s e p a r a t i o n  
d i s t a n c e  i s  be l ieved  t o  be  a s soc ia t ed  with assumptions i n  t h e  d a t a  reduct ion  
procedure.  

The l i p - l i n e  vo r t ex  s h e e t  model employed 

The theory  f o r  t he  r e f r a c t i o n  amplitude changes a s soc ia t ed  w i t h  sound t rans-  
The three-  mission through t h e  shear  l a y e r  could not be  v e r i f i e d  experimental ly .  

dimensional uns t ab le  vo r t ex  shedding process  from the  c i r c u l a r  cy l inde r  n o i s e  source  
f a i l e d  t o  genera te  t h e  necessary d ipole  a c o u s t i c  source  d i r e c t i v i t y  p a t t e r n .  
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TURBULENCE SCATTERING EXPERIMENT 

Formulation of t h e  Problem 

The o b j e c t i v e  of t he  experiment descr ibed i n  t h i s  s e c t i o n  w a s  t o  assess t h e  
importance of d i s c r e t e  tone  frequency s c a t t e r i n g  and s p a t i a l  s c a t t e r i n g  as sound 
propagates  through t h e  open j e t  turbulen t  shea r  l a y e r .  
energy from t h e  tone  and r e d i s t r i b u t e s  i t  i n  ad jacent  frequency bands r e s u l t i n g  i n  
a broadened spectrum whi l e  t h e  second mechanism r e d i r e c t s  sound t o  new angles .  
mechanisms r e s u l t  i n  a change of t h e  d i s c r e t e  tone  d i r e c t i v i t y  p a t t e r n .  

The f i r s t  mechanism e x t r a c t s  

Both 

Measurements ob ta ined  during the  angle c o r r e c t i o n  experiments i nd ica t ed  t h a t  
frequency s c a t t e r i n g  occurred i n  t h e  UTRC open j e t .  
w a s  found f o r  t h e  source and microphone l o c a t i o n  def ined  by T e s t  Configurat ion 1 i n  
Table ' I  . 
t h e  sound w a s  t r ansmi t t ed  through t h e  s i n g l e  shea r  l a y e r  between t h e  source  and t h e  
f a r  f i e l d  microphone. 

For example, spectrum broadening 

Figure 31 shows t h e  r e s u l t  with f = 10 kHz, M = 0.4 and 8, = 90'. Here 

Unfortunately,  t h e  experimental  conf igura t ion  used i n  t h e  angle  c o r r e c t i o n  
measurements i n  f i g u r e  5 cannot be used t o  d i r e c t l y  assess d i s c r e t e  tone  s c a t t e r i n g  
phenomena. Both r e f r a c t i o n  ang le  and amplitude changes occur  ac ross  t h e  shea r  
l a y e r  making i t  d i f f i c u l t  t o  i s o l a t e  t h e  tone  amplitude changes due t o  s c a t t e r i n g .  
Also, vary ing  t h e  open j e t  Mach number can change t h e  speaker  source  s t r e n g t h  and 
d i r e c t i v i t y  p a t t e r n  i n s i d e  t h e  a i r s t ream.  Thus, changes i n  tone  amplitude wi th  
Mach number cannot be  a t t r i b u t e d ,  necessa r i ly ,  t o  tu rbulence  s c a t t e r i n g  phenomena. 

To circumvent t h e s e  problems an a l t e r n a t i v e  test conf igu ra t ion  w a s  chosen. 
An a c o u s t i c  source  w a s  l oca t ed  on one s i d e  of t h e  open j e t  ( f i g u r e  7)  t r a n s m i t t i n g a  
pure  tone  through both shea r  l a y e r s  t o  an a r r a y  of microphones on the  oppos i te  
s i d e  of t h e  airstream. I n  t h i s  case ,  the speaker  source  s t r e n g t h  could be assumed 
cons tan t  w i th  changes i n  tunne l  Mach number. The tests were l i m i t e d  t o  a s ses s ing  
s c a t t e r i n g  e f f e c t s  a t  90° t o  t h e  open j e t .  
employed by Pa terson  ( r e f .  20) t o  i n v e s t i g a t e  turbulence  s c a t t e r i n g  i n  a s m a l l ,  
t u r b u l e n t  round j e t .  

This  technique had previous ly  been 

The first microphone, mo, w a s  s i t u a t e d  on t h e  a c o u s t i c  sou rce  c e n t e r l i n e  and 
measured t h e  zero Mach number sound pressure  l e v e l .  The remaining microphones w e r e  
d i sp l aced  downstream a t  a d i s t a n c e  E ,  to  account f o r  convection through t h e  open 
j e t .  
t h e  s imple  Mach number dependent expression R = 2R0M. 
conf igu ra t ion ,  microphone mo measured the  M = 0 a c o u s t i c  spectrum whi l e  m4 measured 
t h e  M = 0.4 spectrum. The experimental  approach i n  f i g u r e  7 assumes t h a t  microphone 
mo i s  s i t u a t e d  on t h e  speaker  cen te r l ine .  
t h e  measured sound p res su re  l e v e l  w i l l  correspond t o  t h e  i n t e n s i t y  on a s i d e  
of t h e  lobe  of t h e  speaker  d i r e c t i v i t y  p a t t e r n .  

Ana ly t i ca l ly ,  t h e  displacement r e l a t i v e  t o  t h e  mo microphone w a s  given by 
Based on t h e  above test 

I f  t h i s  cond i t ion  i s  n o t  s a t i s f i e d ,  
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The r e l a t i v e  importance of any microphone misalignment wi th  t h e  speaker  
c e n t e r l i n e  i s  determined by the  shape of t he  speaker  d i r e c t i v i t y  p a t t e r n .  This  
w a s  eva lua ted  by a sepa ra t e  t es t  i n  which a microphone w a s  t r ave r sed  on a l i n e  

t h e  s t a t i o n  a t  which t h e  i n t e n s i t y  was  a maximum. The changes a t  l o c a t i o n s  of f  t h e '  
speaker a x i s  were then  t abu la t ed  a f t e r  c o r r e c t i n g  f o r  t h e  increased  d i s t a n c e  t o  
each microphone loca t ion .  
i n  t h e  d i r e c t i v i t y  p a t t e r n  w e r e  observed: 

p a r a l l e l  t o  t h e  a r r a y  i n  f i g u r e  7 .  The speaker  c e n t e r l i n e  w a s  then  i d e n t i f i e d  as I 
i 

A t  5' from t h e  speaker  c e n t e r l i n e ,  t h e  fol lowing changes 

Frequency 

5 kHz 
10 kHz 
20 kHz 
25 kHz 

Change i n  SPL 

1 dB decrease  
2 dB decrease  
1 dB i n c r e a s e  
2 dB inc rease  

The sound p res su re  l e v e l  increased  o r  decreased monotonically between t h e  speaker ~ 

c e n t e r l i n e  and t h e  5' o f f  a x i s  pos i t ion .  

The geometr ical  technique used t o  l o c a t e  mo i n  f i g u r e  7 w a s  capable  of a l i g n i n g  
t h e  microphone wi th in  5' of t h e  acous t ic  source c e n t e r l i n e .  
s m a l l  change i n  t h e  speaker  d i r e c t i v i t y  p a t t e r n  over  t h i s  range,  i t  can be concluded 
t h a t  microphone mo measured t h e  approximate i n t e n s i t y  emi t ted  on t h e  speaker  
c e n t e r l i n e .  

Considering t h e .  

Placement of t h e  downstream microphones i n  f i g u r e  7 assumes t h a t  t h e  open j e t  
can be modeled as a uniform v e l o c i t y  p r o f i l e  bounded by' a vo r t ex  s h e e t .  
t h i s  approach f a i l s  t o  account p rec i se ly  f o r  t h e  s t r e a m w i s e  convection of a c o u t i c  
wavefronts  as they propagate  through the  f i n i t e  t h i ckness  open j e t  shear  l a y e r .  
Consequently, t h e  downstream microphones would no t  be  a l igned  wi th  t h e  a c o u s t i c  
r ay  emi t ted  on t h e  speaker c e n t e r l i n e  and emerging a t  90' t o  t h e  open j e t .  
t h e s e  microphones would measure t h e  i n t e n s i t y  on t h e  s i d e  of t h e  lobe  of t h e  
speaker d i r e c t i v i t y  p a t t e r n .  

I n  r e a l i t y ,  

In s t ead  

The r e l a t i v e  importance of propagation through t h e  shear  l a y e r  can be 
es t imated  by modeling t h e  open j e t  as a uniform v e l o c i t y  p r o f i l e  bounded by a 
v o r t e x  sheet a t  t h e  10 percent  ve loc i ty  l i n e  i n  f i g u r e  10. 
microphone m4 i n  f i g u r e  7 would be 7 O  off -ax is  r e l a t i v e  t o  t h e  a c o u s t i c  ray  
emi t ted  on t h e  speaker c e n t e r l i n e .  
corresponds t o  t h e  90 percent  v e l o c i t y  l i n e ,  then  m4 would be 4O of f -ax is .  I n  
either case t h e  spear  d i r e c t i v i t y  p a t t e r n  is  s u f f i c i e n t l y  broad t o  ensure t h a t  
microphone m4 measures approximately the i n t e n s i t y  of sound emit ted on t h e  
speaker  c e n t e r l i n e .  Thus, modeling the open j e t  as a uniform v e l o c i t y  p r o f i l e  
bounded by t h e  l i p  l i n e  vo r t ex  shee t  is adequate  f o r  l o c a t i n g  t h e  downstream 
microphone p o s i t i o n s  i n  f i g u r e  7 .  

A t  X/Ro = 4 and M = 0.4,  

On t h e  o t h e r  hand, i f  t h e  open j e t  diameter 
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Admittedly,  t h e  dua l  shea r  l a y e r  t ransmission i n  f i g u r e  7 creates more severe 
frequency and d i r e c t i o n  s c a t t e r i n g  than t h e  s i n g l e  s h e a r  l a y e r  t ransmiss ion  i n  
f i g u r e  5. This  is  v e r i f i e d  by t h e  spectrum comparison i n  f i g u r e  31. Consequently 
t h e  r e s u l t s  presented  i n  t h e  fol lowing s e c t i o n  r ep resen t  t r ends  r a t h e r  than  d i r e c t  
c a l i b r a t i o n s  f o r  turbulence s c a t t e r i n g  through a s i n g l e  shea r  l a y e r  i n  an open j e t .  

Experimental Resul t s  

F igure  32 shows t h e  measured discrete tone s p e c t r a  as t h e  open j e t  Mach number 
and source  frequency changed. A l l  s p e c t r a  (with t h e  except ion of those  i n  f i g u r e  
32(d))  are p l o t t e d  r e l a t i v e  t o  t h e  tone sound p res su re  l e v e l  measured a t  M = 0. 
This  permits  monitoring changes i n  tone amplitude due t o  both frequency and d i r e c t i o n  
s c a t t e r i n g .  
speaker  output  amplitude d r i f t e d  wi th  t i m e .  The ana lyzer  bandwidth, BW, increased  as 
t h e  a c o u s t i c  source  frequency increased.  This  w a s  a l i m i t a t i o n  of t h e  ana lyzer  
employed i n  t h e  s tudy .  Standard co r rec t ion  f o r  ana lyzer  bandwidth could n o t  b e  
made s i n c e  each spectrum contained both pure  tone  and narrowband random no i se .  
Methods e x i s t  f o r  e s t ima t ing  t h e  co r rec t ion ,  b u t  such d e t a i l e d  information exceeded 
t h e  explora tory  na tu re  of t h e  present  experiment. 

Normalized sound p res su re  levels w e r e  used i n  f i g u r e  32(d) s i n c e  t h e  

Severa l  conclusions can now be a r r ived  a t  based on f i g u r e  32. F i r s t ,  tone  
broadening, a t  f requencies  above 5 kHz, i nc reases  as t h e  open j e t  Mach number 
inc reases .  Second, tone  broadening is accentuated as t h e  source  frequency i n c r e a s e s .  
F i n a l l y ,  t h e  tone  amplitude decreases  as  both frequency and Mach number inc rease .  

Few open j e t  experimental  s t u d i e s  of a c o u s t i c  source  s c a t t e r i n g  e f f e c t s  are 
a v a i l a b l e  f o r  comparison. Ahuja e t  a l .  ( r e f .  1 4 )  have shown t h a t  f o r  €Im = 90' and 
f requencies  below 10 kHz, no broadening occurs  about t h e  d i s c r e t e  tone  peak value.  
This  r e s u l t ,  which is l i m i t e d  t o  M - < 0.18, agrees  q u a l i t a t i v e l y  wi th  t h e  obse rva t ions  
i n  t h e  p re sen t  s tudy f o r  s imi l a r  t es t  condi t ions .  Ahuja a l s o  found t h a t  t h e  d i s c r e t e  
tone amplitude remained almost constant  i f  f - < 10 kHz and M 50.18. 
agrees  q u a l i t a t i v e l y  wi th  t h e  r e s u l t s  i n  f i g u r e  32. 
occurred i n  t h e  present  i n v e s t i g a t i o n  a t  f = 10 kHz and M = 0.2 t h i s  may be due t o  
t h e  dua l  shear  l a y e r  t ransmiss ion  approach employed he re .  

Again t h i s  
Although a 2.5 dB decrease  

The importance of changes i n  turbulence l eng th  s c a l e  w a s  a l s o  i n v e s t i g a t e d  i n  
t h e  p re sen t  experiment. 
s t a t i o n s  given by X/Ro = 1.33,  2.66 and 4.00. 
s c a l e  w i t h  t h e  l o c a l  shea r  l a y e r  thickness .  
i n  f i g u r e  11 t h e  eddy length  s c a l e s  increased by a f a c t o r  of 1 . 7  as t h e  a c o u s t i c  
source  moved downstream. F igure  33 shows the  r e s u l t i n g  inc rease  i n  frequency 
s c a t t e r i n g  and a decrease  i n  abso lu t e  tone  sound p res su re  l e v e l  a t  f = 5 kHz, M = 0.4 .  
Simi la r  r e s u l t s  were observed a t  higher  f requencies .  
t h a t  tu rbulence  s c a t t e r i n g  e f f e c t s  a r e  more pronounced a t  downstream s t a t i o n s .  

This  w a s  accomplished by l o c a t i n g  t h e  source  a t  t h r e e  a x i a l  
Turbulence l eng th  s c a l e s  are known t o  

Based on t h e  shea r  l a y e r  growth ra te  

The measurements demonstrate  
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Based on t h e  above t r e n d ,  shear  layer s c a t t e r i n g  a t  s t a t i o n s  f a r  downstream 
must be assessed  a c c u r a t e l y  i f  source d i r e c t i v i t y  p a t t e r n s  are r equ i r ed  f o r  d i s c r e t e  
tones .  
t h e  j e t  a x i s  i s  o r i g i n a l l y  t r ansmi t t ed  through t h e  shear  l a y e r  a t  l a r g e  X/Ro. 
Consider,  f o r  example, an  a c o u s t i c  source s i t u a t e d  on t h e  open j e t  a x i s  i n  T e s t  
Configurat ion 1. 
t h e  shear  l a y e r  c ros s ing  po in t  is  given as  X/Ro = 3.2. Consequently, sound 
r a d i a t i n g  a t  ang le s  c l o s e  t o  t h e  j e t  ax i s  encounters  more severe turbulence  
s c a t t e r i n g  than  sound r a d i a t e d  a t  90' t o  t h e  open j e t .  

This  fo l lows  s i n c e  sound r a d i a t i n g  t o  t h e  f a r  f i e l d  a t  ang le s  c l o s e  t o  

I f  M = 0.4 and 8, = 2 2 . 5 O  t hen ,  based on t h e  ang le  c o r r e c t i o n ,  

Ahuja observed t h a t  t h e  r a t i o  of shear  l a y e r  t h i ckness  (or  eddy s i z e )  t o  
a c o u s t i c  wavelength w a s  no t  l a r g e  enough f o r  s i g n i f i c a n t  s c a t t e r i n g  t o  occur .  
s ta tement  must be considered i n  l i g h t  of t h e  low Mach number (M - < 0.18) and t h e  
a x i a l  a c o u s t i c  source l o c a t i o n  employed i n  Ahuja 's  s tudy.  The l a t t e r  parameter 
w a s  l i m i t e d  t o  one l o c a t i o n  given by X/Ro = 0.44 .  Based on t h e  Goer t l e r  shear ,  
l a y e r  t h i ckness  theory  ( f i g .  111, which would be  expected t o  d e s c r i b e  t h e  open 
j e t  shear  l a y e r  t h i ckness  used i n  re ference  1 4 ,  t h e  eddy l eng th  scales a t  X/Ro = 0.44 
would be small compared t o  t h e  present  experiment. 
would be weaker. 
i n  a x i a l  l o c a t i o n  i n  t h e  Ahuja s tudy s ince  t h e  shear  l a y e r  growth rate i s  l a r g e r .  
A t  X/Ro = 4 .0 ,  both f a c i l i t i e s  would be expected t o  demonstrate  s i m i l a r  s c a t t e r i n g  
e f f e c t s  . 

This  

Consequently, s c a t t e r i n g  e f f e c t s  
However, s c a t t e r i n g  e f f e c t s  would be more pronounced w i t h  changes 

Although s c a t t e r i n g  w a s  observed a t  h igh  f r equenc ie s  and h igh  Mach numbers i n  
t h e  p re sen t  s tudy ,  i t  w a s  no t  considered a n  important phenomenon f o r  t h e  a n g l e  
c o r r e c t i o n  experiment.  This  i s  because t h e  wave f r o n t  t r ack ing  technique employed 
i n  t h e  present  s tudy  i s  independent of a b s o l u t e  sound p res su re  l e v e l .  Admittedly,  
s p a t i a l  s c a t t e r i n g  from p o i n t s  ad jacent  t o  t h e  shear  l a y e r  c ros s ing  point,Xo, i n  
f i g u r e  15,would c o n t r i b u t e  t o  t h e  c ros s -co r re l a t ion  func t ion .  However, t h e  
c o n t r i b u t i o n  would be  random s i n c e  t h e  eddy s i z e  and ins tan taneous  v e l o c i t y  i s  
random. 
only  t h e  r e f r a c t i o n  e f f e c t s  due t o  t h e  mean flow. 
f o r  t h e  frequency s c a t t e r i n g  e f f e c t s .  
experiment w a s  no t  s u s c e p t i b l e  t o  s c a t t e r i n g  e f f e c t s  s i n c e  t h e  d i p o l e  source  
f r equenc ie s  w e r e  below 5 kHz. 

Long t i m e  averages would tend t o  smooth ou t  t h e s e  c o n t r i b u t i o n s  l eav ing  
S imi l a r  arguments can be made 

The r e f r a c t i o n  ampli tude c o r r e c t i o n  

Summary, 

D i s c r e t e  t one  broadening and absolu te  sound p res su re  level changes are s i g n i -  
f i c a n t  a t  f requencies  above 10  kHz and open j e t  Mach numbers g r e a t e r  than  0.2. These 
obse rva t ions  apply i f  t h e  source i s  wi th in  one diameter  of t h e  open j e t  e x i t .  
S c a t t e r i n g  e f f e c t s  are more pronounced a t  s t a t i o n s  f u r t h e r  downstream wi th  s c a t t e r i n g  
phenomena appearing a t  f requencies  below 10  kHz. 
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_ _ _ -  

The above observa t ions  demonstrate t h a t  tu rbulence  s c a t t e r i n g  can be  
s i g n i f i c a n t  i n  open j e t  test f a c i l i t i e s  a t  Mach numbers approaching M = 0 .4 .  
I f  a c c u r a t e  source d i r e c t i v i t y  p a t t e r n s  are requi red  f o r  d i s c r e t e  t one  sources ,  
t h e  s c a t t e r i n g  mechanism must be considered. 
s t u d i e s  as well as supersonic  j e t  screech n o i s e  i n v e s t i g a t i o n s ,  t h e r e f o r e ,  can b e  
adve r se ly  a f f e c t e d  by turbulence  s c a t t e r i n g  phenomena. 

Model p r o p e l l e r  and r o t o r  n o i s e  
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CONCLUSIONS 

Far- f ie ld  n o i s e  d i r e c t i v i t y  p a t t e r n s  measured i n  open-jet  a c o u s t i c  t es t  f a c i l i t i e s  
are s i g n i f i c a n t l y  a l t e r e d  a t  t es t  Mach numbers of 0 .1  and g r e a t e r  due t o  sound 
wave r e f r a c t i o n  by t h e  open-jet  shear  l a y e r .  This is  ev ident  from measurements 
of t h e  wavefront angle  change a s soc ia t ed  wi th  sound propagat ion through t h e  
shea r  l aye r .  

For on-axis source  l o c a t i o n s ,  the  r e f r a c t i o n  ang le  change f o r  a c i r c u l a r  cross-  
s e c t i o n  open j e t  w a s  w e l l  p r ed ic t ed  by t h e  zero th i ckness  s h e a r  l a y e r  theory of 
A m i e t  over t h e  Mach number range of 0 . 1  t o  0.4  employed i n  t h e  p re sen t  experiment.  

For t h e  range of shea r  l a y e r  th icknesses  considered i n  t h e  p re sen t  experiment,  
t h e  r e f r a c t i o n  angle  change w a s  independent of shear  l a y e r  t h i ckness .  This  i s  
ev ident  from wavefront angle  change measurements conducted a t  a x i a l  source posi-  
t i o n s  between 0.3 and 2 diameters  downstream of t h e  nozz le  e x i t .  This  independence 
of t h i ckness  and shea r  l a y e r  divergence confirms a previous t h e o r e t i c a l  p r e d i c t i o n .  

The r e f r a c t i o n  angle  change w a s  independent of frequency over  t h e  1 kHz t o  10 
ldIz range considered i n  the  present  experiment. This independence confirms a 
previous  t h e o r e t i c a l  p r e d i c t i o n .  

The of f -ax is  source,  r e f r a c t i o n  angle theory developed i n  t h e  p re sen t  program 
w a s  confirmed experimental ly  f o r  the  case i n  which observer  and source  w e r e  
l oca t ed  i n  a p lane  pass ing  through t h e  open-jet  a x i s  and t h e  source-to-shear 
l a y e r  d i s t a n c e  w a s  g r e a t e r  than one open j e t  r ad ius .  

Measurable d i f f e r e n c e s  between theory and experiment f o r  t h e  r e f r a c t i o n  ang le  
change occurred wi th  an of f -ax is  s o u r c e  a t  a source-to-shear l a y e r  s e p a r a t i o n  
d i s t a n c e  less than  one j e t  r ad ius .  This  disagreement,  a t  p r e s e n t ,  is  no t  
viewed as a f a i l u r e  of t h e  t h e o r e t i c a l  ang le  co r rec t ion .  Rather ,  i t  i s  be l ieved  
due t o  t h e  s e n s i t i v i t y  of t h e  experimental  method t o  s m a l l  changes i n  t h e  
assumed zero th ickness  shea r  l a y e r  p o s i t i o n  a t  s m a l l  source-to-shear l a y e r  
s e p a r a t i o n  d is tance .  

Theory f o r  t he  r e f r a c t i o n  amplitude change a s soc ia t ed  wi th  sound t ransmiss ion  
through a shea r  l a y e r  could not  be  v e r i f i e d  due t o  l i m i t a t i o n s  of t h e  experimental  
technique. 
publ ished measurements provides  a p a r t i a l  v a l i d a t i o n  of theory f o r  s m a l l  Mach 
number and on-axis source  loca t ions .  

Comparison of pred ic ted  r e f r a c t i o n  amplitude changes wi th  prev ious ly  

S c a t t e r i n g  of sound by s h e a r  l a y e r  tu rbulence  i s  s i g n i f i c a n t  a t  Mach numbers 
g r e a t e r  than 0 . 2  and f requencies  greater than 5 kHz. 
as t h e  source  p o s i t i o n  i s  moved downstream. 

S c a t t e r i n g  e f f e c t s  i nc rease  

United Technologies Research Center 
E a s t  Har t ford  , Connecticut 06108 

A p r i l  15, 1978 
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APPENDIX A 

Der iva t ion  of Shear Layer Correc t ion  For An Off-Axis 
Acoustic Source 

F igures  13 and 1 4  show t h e  b a s i c  geometry and t h e  coord ina te  system used i n  t h e  
These f i g u r e s  were prev ious ly  descr ibed  i n  t h e  s e c t i o n  e n t i t l e d  fol lowing de r iva t ion .  

Theore t i ca l  Formulation of t h e  Refrac t ion  Problem." I 1  

Refrac t ion  Angle Change - The angular  change of a r ay  on pass ing  through t h e  
shea r  l a y e r  is determined by t r e a t i n g  the waves on e i t h e r  s i d e  of t h e  shear  l a y e r  
as p lane  waves and matching phase across  t h e  shea r  l a y e r .  This p lana r  assumption 
should be v a l i d  as long as t h e  wavelength is smaller than  t h e  open j e t  r ad ius .  

The s m a l l  d i s turbance  p res su re  f i e l d  produced by an  a r b i t r a r y  source  can be  
w r i t t e n  as a Four ie r  composition of plane waves of t h e  form 

Pi = e -i (63-k,, z) 

where 

( A . 1 )  I 

and k 
t i o n  gf equat ion  ( A . 1 )  i n  t h e  wave equat ion 

and kZ r ep resen t  wavevectors i n  t h e  x, y ,  z coord ina te  system. Subs t i tu -  

(s D2 - c ,  2 v 2 )P=O 

D - a  a 
D t  - a t  +"d, 
- - -  

g i v e s  

(A.  3) 

-~ where t h e  overbar  on k i n d i c a t e s  normalizat ion by w / C  ; i .e.  , = k C /a. 
0 0 

The normal t o  a wavefront is  found by t ak ing  t h e  g rad ien t  of t h e  phase of 
equat ion  (A. 1) giv ing  

- A  - 4  A 
,, k,i+ k y j  +kzlk 
ne = 

I - Mk, 



Since t h e  wavefronts produced by a source i n  a stream are  spheres  wi th  t h e i r  c e n t e r  att 
t h e  r e t a rded  source  p o s i t i o n ,  t h i s  normal v e c t o r  p o i n t s  from t h e  r e t a rded  source  
p o s i t i o n  t o  xl, y l t ,  z I. 

connect ing t h e  p re sen t  sou rce  pos i t i on  t o  x 1, ylt, zit) can be  found by adding 
2 M t o  equat ion  ( A . 5 ) .  

The d i r e c t i o n  of energy propagat ion ( t h e  l i n e  1 

Thus, 

can be w r i t t e n  1’ Y l ’ Y  The t r ansmi t t ed  wave a t  po in t  x 

P, = T e- i (@ + k,, z) 

S u b s t i t u t i o n  i n  equat ion  ( A . 3 )  bu t  with M = 0 g ives  

- 2  - 2  - 2  
kz2  = I- k, - k Y  

Taking t h e  g rad ien t  of t h e  phase of equat ion ( A . 7 )  gives  f o r  both t h e  normal t o  a 
wavefront above t h e  shea r  l a y e r  and the  d i r e c t i o n  along which energy i s  
propagated 

A - 4  - A  A 
n2 = k, I + ky j + Ez2k 

Equations ( A . 6 )  and ( A . 9 )  give  the r e l a t i o n  between t h e  ray pa ths  f o r  t h e  
i n c i d e n t  and t r ansmi t t ed  r a y s .  Rather t han  have t h i s  r e l a t i o n  i n  t e r m s  of t h e  
parameters  k and k (which must be e q u a l  i n  equat ions  (A.6) and ( A . 9 )  i n  o r d e r  f o r  
t h e  phase of t h e  inc iden t  and t ransmi t ted  waves t o  b e  equal  a c r o s s  t h e  shear  
l a y e r )  i t  is  more u s e f u l  t o  put  t h e  r e l a t i o n  i n  t e r m s  of t h e  angles  8 and 0.  
Then, x y and z can be w r i t t e n  as 

X Y 

1, 1 1 
xI = r, COS e, 

with  

y, r, sin eC C O S Y ,  

zI = r, sin 9, sin)’, 

- a (sin - gsin +,) - -  a sin a 
rl = 

cos+, sine, sin ec 

( A .  101 

(A.  11) 
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and 

The f i r s t  e q u a l i t y  i n  equat ion 
second e q u a l i t y  is  found from equat ion  ( A . 2 0 1 ,  t o  be der ived  l a t e r .  

( A . 1 1 )  can be v e r i f i e d  from f i g u r e  1 4 ,  and t h e  . 

The normal n 
A 

along r is  then  1 
1 

A A  A .  A 
n, = i cos 8, + j sin 8, cos yc + k sin 8, sin 7, (A. 1 2 )  

M + p 2 L x  
cos e, = ,/ I t M2 [(I - MGXI2- E:] 

or 

Also - sin 8, cos yc 

- sin 8, sin y 

kz' = &G+ 

n 

For t h e  t r ansmi t t ed  wave t h e  normal n a long  r can be w r i t t e n  2 2 

A A  A A 
n2 = i cos 8, + j sin 8, cos yt + k sin 8, sin yt 

Comparison wi th  equat ion  ( A .  9)  g ives  

i;, = cos 8, 

(A.13a) 

(A.  13b) 

(A. 13c) 

(A. 14)  

(A. 15a) 
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- 
k y = s i n  8,cos 5 

- 
k,, = sin €It sin yt 

(A. 15b) 

(A. 15c) 

By equat ing  t h e  va lues  of E and E given by equat ions  ( A . 1 3 )  and (A.151,the 
inc iden t  and t r ansmi t t ed  angles  ar% found t o  be  

X 

COS e, 
2/1-M2sin28, - M  

p2 COS e, = 

sin 8, cos yc 
sin 8, cos 7, = JX 

Equation (A.16) can also be w r i t t e n  

where 

which ag rees  with equation 1 o f  re ference  6. Other u s e m  relations are 
5 .  I 

sin = J-& 

sin 8, 
2 . 28 I - M  sin 

(A. 1 6 )  

(A.17) 

( A . 1 8 )  

( A .  19)  

The a n g l e  ci can be  r e l a t e d  t o  
f i g u r e  14 .  Thus, 

$c  by applying t h e  s i n e  r u l e  t o  t r i a n g l e  SAB i n  
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cos yc = g cos +c ( A .  20) 

Using equat ion  (A..19) equa t ion  (A .  1 7 )  can be  r e w r i t t e n  

I - sin 8, cos y = cosy 
c t  t C (A. 21) 

The above r e l a t i o n s  determine completely t h e  ang le  change needed i n  the  shear  
l a y e r  co r rec t ion .  

Ref rac t ion  Amplitude Correc t ion  - The amplitude c o r r e c t i o n  w i l l  now be determined 
Consider a r a y  tube  beneath t h e  shear  l a y e r '  by c a l c u l a t i n g  t h e  r ay  tube  divergence.  

formed by varying B C  and $Ic by amounts de, and d$Icy r e s p e c t i v e l y .  
r ay  tube  wi th  c ross -sec t iona l -a rea  a t  t he  shear  l a y e r  

This  produces a 

dA, = rfsin ec d OC d+c 

Above t h e  shear  l a y e r  t h e  ang le  v a r i a t i o n s  are 

de, d e t = W  d8, 

d+t 

il 'PC 

dec + - d 4  a+, 
d+t = dB, 

(A.  22)  

(A.  2 3 a )  

(A. 23b) 

Note from equat ion (A.16) t h a t  aOt/ac$c = 0 s i n c e  8, and c$c are independent v a r i a b l e s .  
Therefore ,  t h i s  t e r m  does not  appear i n  equat ion  (A.23a). The p a r t i a l  d e r i v a t i v e s  
can be  found from equat ions  (A.16) and (A.21) t o  be  

I- I 

( A .  2 4 )  

( A .  25a) 
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d+t 
d e ~  

COS Yt cot 8, sin €lc - cos yc COS 8, 
sin y, sin 8, (I - M2sin2 8c)3/2 

- -  

(A.  25b) 

(A .  2 6 )  

I n  o r d e r  t o  f i n d  t h e  area which the ray  tube  i n t e r c e p t s  on t h e  tangent  
p lane ,  n o t e  t h a t  z w i l l  remain constant  i n  equat ion  ( A . l O )  as8  and (I are 
v a r i e d  . C C 1 

From equat ion (A.  10) 

X ,  cot ec - =  
2 ,  sin yc 

Thus, 

I- Y 
2 ,  - cot Y, 

I dx, = -r ,  [Sc + cos 8, cot yc d+c 

sin OC 
dy, = -r, - 

Yc 4c  

( A .  27) 

( A .  2 8 )  

A v a r i a t i o n  de g ives  a c o n t r i b u t i o n  to dx , while  a subsequent v a r i a t i o n  
d(I g i v e s  bo th  a dxl and dy contr ibut ion. '  This  i n d i c a t e s  t h a t  t h e  r ay  t u b e  
area in t e rcep ted  by t h e  tangent  p lane  is a para l le logram;  i t s  area dA i s  t h e  
de c o n t r i b u t i o n  t o  dx t i m e s  t h e  d(I con t r ibu t ion  t o  dy , o r  

C 

C 1 

C 1 C 1 

2 

(A.  29) 

The c ross - sec t iona l  area dA j u s t  above t h e  shear  l a y e r  i s  then ,  by a similar 
argument 

3 

dA, = dA, sin sin 8, (A.  30)  
yt 
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Equation ( A . 3 0 )  can a l s o  be  der ived by s e t t i n g  r2 = 0 i n  equat ions  ( A . 3 4 )  t o  be 
der ived l a t e r .  

The r a t e  of ray  t u b e  divergence changes on pass ing  through t h e  shear  
l a y e r ,  and t h e  r ay  tube  c ross -sec t iona l  area must now be ca l cu la t ed  f o r  a 
po in t  a t  an a r b i t r a r y  d i s t a n c e  above the shear  l a y e r .  
p o i n t  x 

The equat ions  f o r  a 
z are 

x2 = x ,  + r2 cos 8, = r COS 8, 
2’ Y2’ 2 

y2 = y, + r2 sin 8, cos 7, 

z2  = z, + r2 sin 8, sin 
yt 

wi th  r 2 = X 2 + y 2 + Z 2  2 2 2  . 

( A .  3 1 )  

y2’ z2 w i l l  trace o u t  two 

2 

2’ 
By vary ing  f i r s t  f3 and then  4 , t h e  po in t  x 

C C s i d e s  of an area. 
two s i d e s  and then  t ak ing  t h e  dot  product w i t h  t h e  u n i t  v e c t o r  f; 
equat ion  ( A . 1 4 ) ,  t h e  ray tube  c ross -sec t iona l  area w i l l  b e  determined. 
t ak ing  the d e r i v a t i v e s  of equat ion ( A . 3 1 ) ’  r 2  w i l l  b e  taken as cons t an t ,  as t h e  
v a r i a t i o n  of r wi th  8 and 4 is i r r e l e v a n t  i n  t h e  f i n a l  area r e s u l t .  Thus, 

By tak ing  t h e  c ross  product  of t h e  v e c t o r s  de f in ing  t h e s e  
given by 

I n  

2 C C 

a x 2  - r ,  86, ‘ 
de, sin OC doc 1 - r2 sin 8, - ---  



where z is constant and the variation of x and y with 8 was found using 
equation (A.28). A l s o ,  

1 1 1 C 

I - -  - - r l  cos 9,cot yc dX2 

sin 8, a+ t 
89, 

- r 2  sin 9, sin y - =-r1- - dy2 

8% C 
sin y 

- -  a +t az2 

a +C w c  
- r2 sin et cos y - 

The cross-sectional area dA4 is then 

(A.  33) 

( A .  34a) 

( A .  34b) 

( A .  34c) 

( A .  35)  
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Equation (A.35) gives t h e  ray tube divergence behavior  above t h e  shear  l aye r .  
This  equat ion al lows one t o  c a l c u l a t e  t h e  sound level j u s t  o u t s i d e  t h e  shear  
l a y e r  i n  terms of t h e  f a r - f i e l d  sound. 

The inc iden t  p re s su re  j u s t  i n s i d e  t h e  shear  l a y e r  is  now needed, and w i l l  
be  c a l c u l a t e d  from t h e  shear  l a y e r  t ransmission c o e f f i c i e n t .  
shear  l a y e r ,  t h e  wavefront can b e  t r e a t e d  l o c a l l y  as being p lane .  
v e l o c i t y  p o t e n t i a l s  f o r  t h e  i n c i d e n t ,  r e f l e c t e d  and t r ansmi t t ed  waves can be 
w r i t t e n  

I n  c ros s ing  t h e  
Then t h e  

(A .  36)  

where @ i s  given by eqvat ion (A.  2) kZl by equat ion  ( A . 4 )  and k, by equat ion (A.8). 
7 
L 

The p res su re  and f l u i d  displacement w i l l  be  matched a c r o s s  t h e  shear  
l a y e r .  The p res su re  i s  r e l a t e d  t o  t h e  v e l o c i t y  p o t e n t i a l  by 

D@ 
P=- / - - JoDt  

Matching t h e  p re s su re  across t h e  shear  l a y e r  a t  z1 gives!  

( A .  37) 

(A. 38) 

To match t h e  f l u i d  displacement ac ross  t h e  shear  l a y e r ,  t h e  i n t e r f a c e  can be 
considered t o  be r i p p l e d  by t h e  acous t i c  waves, t h e  r i p p l e  moving i n  t h e  x 
d i r e c t i o n  wi th  v e l o c i t y  k /U . I f  t h e  observer  moves i n  t h e  x d i r e c t i o n  w i t h  
t h e  r i p p l e ,  t h e  mean flow vePoci ty  ou t s ide  t h e  shea r  l a y e r  w i l l  be  -u/k 
t h a t  i n s i d e  w i l l  be  Uo -w/kx. 
equat ing  flow s lopes  g ives  

X 
whi le  

X 
Denoting t h e  p e r t u r b a t i o n  z v e l o c i t y  by w and 

wi + wr 
w, = 

I - ME, 
( A .  39) 
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Then, us ing  t h e  f a c t  t h a t  w = a@/az and us ing  equat ions  (A.36), equat ion  (A.38) 
becomes 

Combining equat ions  (A.38) and (A.40), 

(A. 40) 

(A. 41) 

To is t h e  t ransmiss ion  c o e f f i c i e n t  f o r  t h e  p o t e n t i a l .  
f o r  p re s su re  is  found by no t ing  from equat ion (A.37) t h a t  

The t ransmiss ion  c o e f f i c i e n t  I 

Thus, 

2 ITPI' I + (I - kz2/kzl  

From equat ions  (A.13c), (A.l5c), and ( A . 1 9 )  

(A. 42) 

(A. 43j 

(A. 44) 

The f i n a l  r e s u l t  f o r  t h e  amplitude c o r r e c t i o n  can now be given.  Equation 
(A.35) gives  t h e  r a t i o  of t h e  square of t h e  p re s su re  j u s t  o u t s i d e  t h e  shea r  l a y e r  
t o  t h a t  a t  t h e  observer .  
j u s t  o u t s i d e  t o  t h e  i n c i d e n t  p re s su re  j u s t  i n s i d e  t h e  shea r  l a y e r .  Thus, t h e  
inc iden t  p re s su re  j u s t  i n s i d e  t h e  shear l a y e r  can b e  c a l c u l a t e d  from t h a t  
measured a t  t h e  observer  p o s i t i o n .  By e x t r a p o l a t i n g  t h i s  c a l c u l a t e d  p res su re  
by t h e  f a c t o r  r / r ,  t h e  co r rec t ed  p res su re  a t  a d i s t a n c e  r from t h e  source can 
be  c a l c u l a t e d .  The f i n a l  r e s u l t  f o r  t he  c o r r e c t i o n  f a c t o r  i s  then  

Equations (A.43) and (A.44) give  t h e  r a t i o  O f  P ressure  

1 
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sin 8, sin Yt 

are given by equations ( A .  25a) and (A .  26) , r e s p e c t i v e l y .  W t  W t  
@c a e C  

where a and - 

48 



APPENDIX B 

Wavefront Angle Change 

According t o  equat ion  (5) der ived  e a r l i e r  

Calcu la t  ion  

-I 
(5) 

Using t h e  t r igonometr ic  i d e n t i t y  f o r  t h e  sum of two ang le s  and expanding i n  a 
Four ie r  series g ives  

Since u w a s  shown 
neglec ted  leaving  

0 

or 

t o  be s m a l l  (uo :: .016 r a d i a n s ) ,  h igher  o r d e r  terms may be 

The maximum c o n t r i b u t i o n  
when 1-1 = ~ / 2 .  Then 1 

Here u provides  a n e g l i g i b l e  
an  adequate  approximat ion  f o r  

0 

from t h e  second term i n  equat ion(B.3)  occurs  

con t r ibu t ion  t o  t h e  phase d i f f e r e n c e .  
t h e  phase d i f f e r e n c e  i s  

Hence, 

This  express ion  i s  v a l i d  t o  wi th in  .016 cyc le s .  F i n a l l y ,  



APPENDIX C 

Shear Layer Angle Correc t ion  Ca lcu la t ion  

F igu re  35 dep ic t s  t h e  r a y  pa th  as the  a c o u s t i c  wave i s  t r ansmi t t ed  t h r  U h 
t h e  shea r  l a y e r .  The p o i n t ,  X ,a t  which t h e  sound emerges from t h e  airstream 
i s  g iven  by 

0 

But 

and 

Thus 

xo = r sin (90- 8,) + (Y - h) tan ( p l  - 90 + 8,) 

o r  

(.C. 4 )  

F i n a l l y  t h e  o r i g i n a l  propagat ion  angle  i n s i d e  t h e  flow i s  given by the express ion  

eC = tan-' (+-) 
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APPENDIX D 

Microphone - Acoustic Driver Cross-Correlat ion Technique 

F a c i l i t y  background n o i s e  cont r ibu ted  s i g n i f i c a n t l y  t o  t h e  two microphone 
c ross -co r re l a t ion  func t ion  a t  Mach n.umbers g r e a t e r  than  0.1. This  e f f e c t  can be  
demonstrated a n a l y t i c a l l y .  
35 i s  

The n e t  pressure ,  P ,  sensed by microphone m2 i n  f i g u r e  

P2(t) = B~~ cos [.t - 2*(A+A2)]  + P;(t) 

t 

Here B2 r e p r e s e n t s  t h e  frequency dependent d i s c r e t e  t one  ampli tude whi le  P2 
denotes  t h e  f a c i l i t y  random background noise .  The t i m e  dependence is expressed 
r e l a t i v e  t o  t h e  s i g n a l  genera tor  which drives t h e  a c o u s t i c  source  i n  f i g u r e  3 6 ;  
The pa rame te r  A r e p r e s e n t s  t h e  t o t a l  phase l a g  between t h e  s i g n a l  genera tor  
ou tput  and t h e  microphone inpu t .  Here 

h = A , +  A , + A p  

where Ap i s  t h e  propagat ion phase de lay  between t h e  speaker  and t h e  microphone. 
A similar express ion  e x i s t s  f o r  t h e  si.gnal a t  m l  except t h a t  t h e  pure tone  i s  
out  of phase by A '  r e l a t i v e  t o  m2: 

The r e s u l t i n g  c ros s -co r re l a t ion  func t ion  S ,  i s  then  

s,,2 (TI = <P,(t) P2(tj) 

o r  
(T) = BI BI2 <COS [ u t - 2 r ( A  +a' +A,)] 

COS [wt - 2 r (A +A2)]) 

t . i 

The second term i n  equat ion ( D . 5 )  corresponds t o  t h e  random n o i s e  c o n t r i b u t i o n  which 
dominates t h e  c o r r e l a t i o n  trace in  f i g u r e  18. 
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An a l t e r n a t e  approach f o r  ex t r ac t ing  only  t h e  pe r iod ic  component i s  t o  
s e p a r a t e l y  c r o s s - c o r r e l a t e  each microphone s i g n a l  w i th  t h e  a c o u s t i c  d r i v e r  s i g n a l .  
This  technique,  descr ibed by Schl inker  i n  r e fe rence  2 1 ,  w a s  app l i ed  t o  t h e  
measurement of s tanding  waves i n  a duct  us ing  f l u s h  mounted w a l l  microphones. The 
microphones sensed both t h e  a c o u s t i c  pressure  f l u c t u a t i o n s  and t h e  random t u r b u l e n t  
boundary l a y e r  p re s su re  f1.uctuations.  

The method is  i l l u s t r a t e d  schematical ly  i n  f i g u r e  35.1 The output  vo l t age ,  
V2, from m2 is  cross-cor re la ted  wi th  the s i g n a l  genera tor  v o l t a g e ,  Vs(t)  = Vo c o s u t ,  
r e s u l t i n g  i n  

Note t h a t  t h e  microphone system s e n s i t i v i t y ,  G 2 ,  has  been used t o  l i n k  t h e  a c o u s t i c  
p re s su re  and t h e  vo l t age  output .  
n o t a t i o n  f o r  t h e  cos ine  func t ion  and not ing t h a t  t h e  t i m e  average of t h e  pe r iod ic  
terms i s  ze ro  g ives  

Replacing t h e  t r igonometr ic  t e r m s  by t h e  complex 

The measured c ross -co r re l a t ion  shown i n  f i g u r e  20 can be represented  by a peak 
vo l t age  ampli tude H2 and a phase between Vs and P2 

where n i s  an  i n t e g e r .  

Comparing l i k e  t e r m s  i n  equat ions  ( D . 7 )  and ( D . 8 )  p rovides  

The va lue  f o r  q2 i s  obtained from t h e  microphone - s i g n a l  genera tor  c ros s -co r re l a t ion  
curve  i n  f i g u r e  20. 
f o r  q2 .  
between two cross-over p o i n t s  i n  t h e  c o r r e l a t i o n  func t ion .  
p o i n t s ,  i r r e g u l a r i t i e s  i n  t h e  c o r r e l a t i o n  func t ion  trace w e r e  averaged. 

The t i m e  de lay ,  ~ 2 ,  t o  t h e  f i r s t  maximum i s  used t o  so lve  
Notice t h a t  t h e  l o c a t i o n  of the f i r s t  maximum w a s  def ined  as t h e  midpoint 

By us ing  two cross-over 
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Figure  20 r e p r e s e n t s  t h e  same opera t ing  condi t ion  as i n  f i g u r e  18.1 The 
background n o i s e  which dominated i n  the  f i r s t  f i g u r e  has been e l imina ted  from 
t h e  second f i g u r e .  To v e r i f y  t h a t  t h e  background n o i s e  d id  not  i n f luence  t h e  
r e s u l t s ,  t h e  c ros s -co r re l a t ion  func t ion  f o r  microphone m2 w a s  measured a t  each 
test cond i t ion  wi th  t h e  a c o u s t i c  source turned  o f f  

Cross-cor re la t ing  P i  and Vs,,it can be shown t h a t  

( D. 10) 

Here t h e  number of i n t e g e r  cyc le s  phase de l ay  is  re ferenced  t o  m2. 
can exceed one cyc le .  

Hence, '12 - T - I ~  

( D. 11) 

(D .  12)  

53 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

54 

Ribner,  H. S.: Re f l ec t ion  Transmission and Amplif icat ion of Sound by a Moving 
Medium. J. Acoust. SOC. Amer., vol .  29, 1957, pp. 435-441. 

Miles, J. W . :  On t h e  Ref l ec t ion  of Sound a t  an  I n t e r f a c e  of Relative Motion. 
J. Acoust. SOC. Amer., v o l .  29, 1957, pp. 226-228. 

G o t t l i e b ,  P.: Sound Source Near a Ve loc i ty  Discont inui ty .  J. Acoust. SOC. 
Amer., vol .  32 ,  1960, pp. 1117-1122. 

Graham, E. W. and Graham, B. B.: E f f ec t  of a Shear Layer on P lane  Waves of 
Sound i n  a F lu id .  J. Acoust. SOC. Amer., v o l .  46, 1969, pp. 169-175. 

Amiet, R. K.:  Propagat ion of Sound Through a Two-Dimensional Shear Layer wi th  
Appl ica t ion  t o  Measurements i n  t h e  Acoustic Research Tunnel. United Technologies 
Research Center Report UAR-L40, 1972. 

Amiet, R. K.:  Correc t ion  of Open Jet Wind Tunnel Measurements f o r  Shear Layer 
Refrac t ion .  Progress  i n  Astronaut ics  and Aeronaut ics ,  Ed. Martin Summerfield, 
1976, pp. 259-280. Also AIAA Paper 75-532, 1975, and UTRC Report Nl11208-1, 
1974. 

Jacques,  J. R.: Noise from Moving A i r c r a f t :  
Thes is ,  Cambridge Univers i ty ,  1975. 

Tester, B. J. and Morfey, C.  L.: Developments 
cal  P r e d i c t i o n s  and Comparisons with Measured 
1976, pp. 79-103. 

Some Relevant Models. Ph.D. 

i n  Jet Noise Modeling - Theoret i -  
Data. J .  Sound and Vib., v o l .  46, 

Amiet, R. K.:  Re f rac t ion  of Sound by Shear Layer. AIAA Paper 77-54. Also, t o  
be  publ ished i n  J .  Sound and Vib.,  v o l .  58, No. 3 . ,  1978. 

Candel, S.  M.:  Appl ica t ion  t o  G e o m e t r i c a l  Techniques t o  Aeroacoust ic  Problems. 
AIAA Paper 76-546, 1976. 

Tester, B. J. and Burr in ,  R. H . :  On Sound Radia t ion  From Sources i n  P a r a l l e l  
Sheared Jet Flows. AIAA Paper 75-57, 1975. 

Mani, R., Clapper,  W. S., St r ingas ,  E. J. and Banarian,  G: Development of a 
Technique f o r  I n f l i g h t  Jet Noise Simulation - P a r t  11. AIAA Paper 76-532, 1976. 

Candel l ,  S .  M. ,  Guedel, A, and Ju l ienne ,  A , :  Refrac t ion  and S c a t t e r i n g  i n  an  
Open Wind Tunnel Flow. 
Ins t rumenta t ion  i n  Aerospace Simulation F a c i l i t i e s ,  IEEE,  September 1975, 

Proceedings of t h e  6 t h  I n t e r n a t i o n a l  Congress on 

pp. 288-299. 



REFERENCES (Cont 'd) 

14. Ahuja, K. K.,  Tester, B. J. ,  Tanna, H. K . ,  and S e a r l e ,  N.:  Experimental Study 
of Transmission, Re f l ec t ion  and Sca t t e r ing  of Sound i n  a Free-Jet  F l i g h t  
Simulat ion F a c i l i t y  and Comparison wi th  Theory. AIAA Paper 77-1266, 1977. 

15. Pa terson ,  R. W., Vogt, P .  G . ,  and Foley, W .  M. :  Design and Development of t h e  
United A i r c r a f t  Research Laborator ies  Acoustic Research Tunnel. J .  A i r c r a f t ,  
V O ~ .  10,  NO. 7, 1973, pp. 427-433. 

16. Schl inl ter ,  R. H. ,  Fink, M. R . ,  and Amiet, R. K.:  Vortex Noise from Nonrotating 
Cylinders  and A i r f o i l s .  AIAA Paper 76-81 , 1976. 

17. Pa terson ,  R. W . ,  and Amiet, R. K.:  Acoustic Radia t ion  and Surface  P res su re  
C h a r a c t e r i s t i c s  of a n  A i r f o i l  Due t o  Inc ident  Turbulence. AIAA Paper 76-571, 
1976. 

18. Rajaratnam, N . :  Turbulent Jets. American Elsever Publ i sh ing  Co., 1976. 

19. Candel, S. M . ,  Guedel, A. ,  and Ju l ienne ,  A . :  Radia t ion ,  Ref rac t ion  and 
S c a t t e r i n g  of Acoustic Waves i n  a F r e e  Shear Flow. A I M  Paper 76-544, 1976. 

20. Pa terson ,  R. W . :  Acoust ic  Research Tunnel T e s t  Summary #29; Passage of H i g h  
Frequency Pure Tones Through a Turbulent Round Jet. Report UAR-Ml12, United 
A i r c r a f t  Research Labora tor ies ,  August 1973. 

21. Schl inker ,  R. H. :  Transmission of Acoustic Plane-Waves a t  a Jet Exhaust. 
AIAA Paper 77-22, 1977. 

55 



TABLE I - REFRACTION ANGLE CORRECTION 
TEST CONDITIONS 

T e s t  
Geomet r y 
Number 

_ _  -____ 

1 
2 

3 

4 
5 

Microphone 
Pos i t  ion  
h - 

Axial 
Source 

Open Jet Mach 
Number 
M 

Radia l  
Source 
h - 
RO 

1 .33  
2.66 

1 
1 

4 . 0  

1 .33  
1 . 3 3  

1 

.55 
1 . 4 4  

I Source 
Frequency 
f ,  kHz 

I 

T e s t  Axial  Radial  Microphone Open Jet Mach Vortex 
Geometry Source Source Pos i t  i on  Number Shedding 
Number - X - h - h M f ,  kHz 

RO R r 

6 1 . 3 3  1 0.25 0 . 2 2 ,  0 .42  1.1, 2 . 1  
7 1 . 3 3  .55 .14 .22 ,  .42 1.1, 2 . 1  

b 

r I I 
0.25 

.25 

.25 

.14 

.36 

I 0 .1 ,  0 . 2 ,  0 . 3 ,  0.4 
.2 

.4 

.2 

.4 

.l, . 2 ,  . 3 ,  .4 

.4 

1, 2 . 5 ,  5 ,  1 
5 

5 
1, 2 . 5 ,  5 ,  1 
1, 2 . 5 ,  5 ,  ld 

I 5 ,  10 
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Arrangement for Refraction Angle 'Correction Experiment' 
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